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The b→ sγ process is forbidden at tree level in the Standard Model(SM) and
proceeds via loop radiative penguin diagrams. It is a sensitive probe of new
physics(NP) beyond the SM because new particles can appear in the loop. We
report the precise measurement of the branching fraction for the inclusive decay
B → Xsγ, where Xs is all the hadron combination that a strange quantum
number of s quark. 38 final states which consist of K±, K0s , π
±, π0 and η are
reconstructed with a semi-inclusive reconstruction method. We use a data
sample that contains 771×106 BB pairs collected by the Belle detector at the
KEKB collider.
The inclusive branching ratio in MXs <2.8 GeV/c
2 is measured to be
BR(B → Xsγ) = (3.51± 0.17± 0.33)× 10−4,
where the first uncertainty is statistical and the second is systematic. The in-
clusive branching ratio with a minimum photon energy of 1.6 GeV is measured
to be
BR(B → Xsγ) = (3.74± 0.18± 0.35)× 10−4.
This measurement is consistent with the world average, (3.55±0.26)×10−4,
within 0.4σ, and consistent with the SM prediction, (3.15±0.23)×10−4, within
1.3σ. This result provides a constraint the NP. We evaluate a constraint to
the two Higgs Doublet Model, and the charged Higgs mass region below 238
GeV/c2 is excluded at 95% CL.
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Chapter 1
Introduction
The aim of particle physics is to understand the universe. A lot of theoreti-
cal and experimental physicists have made a great effort and led to construct
the Standard Model(SM), which describes the basic structure of particles and
forces. This theory provides a coherent picture of the strong, weak and elec-
tromagnetic interactions, and contains quarks, leptons, force carriers. All the
experimental results to date are consistent with the SM prediction basically. In
July, 2012, a Higgs boson was observed by the ATLAS and CMS at the Large
Hadron Collider(LHC)(Figure 1). The discovery was a remarkable achieve-
ment and the sole missing peace in the SM. The SM is very successful theory
framework, however leaves some big questions unanswered; why there are so
many fundamental particles and why they have different masses. In addition,
the SM simply fails to explain some phenomena, such as the observed matter-
antimatter asymmetry in the universe, the existence of dark matter. These
issues lead us to need a new physics(NP) beyond the SM.
A variety of approaches are essential for the search of the NP. We use three
basic approaches, as explorations along the Cosmic, Energy and Intensity Fron-
tiers. Each employs different tools and techniques, but they ultimately address
the same fundamental questions. The Intensity Frontier explores fundamen-
tal physics with intense sources and ultra-sensitive detectors and encompasses
searches for extremely rare processes and for tiny deviations from the SM.
Intensity Frontier experiments use precision measurements to probe quantum
effects. They investigate the NP effect at higher energy than that directly
accessible in collider experiments and provides an opportunity for substantial
new discoveries complementary to Energy and Cosmic Frontier experiments.
The LHC experiments which represent the Energy Frontier accumulated
data well at 7 and 8 TeV by the end of 2012, however no evidence for the NP
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Figure 1.1: The distribution of the four-lepton invariant mass in the ATLAS. The
estimated background, as well as the expected SM Higgs boson signal for mH =
124.3 GeV, are also shown.
was discovered. We have a great expectation of the discovery in the running at
13 or 14 TeV from 2015. Once the NP is discovered, it is essential to measure
the structure in the NP model by the indirect search. If the evidence of the NP
is not found by the direct search at the LHC, the importance of the indirect
search at the Intensity Frontier is more and more.
For the indirect search, rare processes that are forbidden or suppressed
in the SM, but may be enhanced in the NP are significant. In the SM, the
radiative b decay, b→ sγ, which is a Flavor Changing Neutral Current(FCNC)
process, is forbidden at a tree-level and proceeds with loop diagrams. Thus, it
has a good sensitivity to a new heavy particle in the loop and is a good probe
to the NP.
In this dissertation, we measure a branching fraction for B → Xsγ(Xs is
all the hadron combinations that carry a strange quantum number of s quark)
by a semi-inclusive technique with KEKB accelerator and Belle detector. The
Belle experiment has a huge number of BB pairs, 770×106 and the expected
number of B → Xsγ signal is about 5×105. Thus, the systematic uncertainty
is dominant in this analysis. For precise measurement, it is essential to find a
way to evaluate correctly and suppress the systematic uncertainty.
The outline of this thesis is as follows: the physics and measurement to date
for B → Xsγ are given in Chapter 2. An overview of the KEKB accelerator
and the Belle detector is presented in Chapter 3. Data sets in this analysis are
explained in Chapter 4. Event selection and reconstruction are described in
Chapter 5 and background is studied in Chapter 6. The method to extract the
3
signal yield is described in Chapter 7. The systematic uncertainties are studied
in Chapter 8. The method to calculate the branching ratio and evaluate the
hadronization model uncertainty is discussed with the partial data in Chapter
9. Finally, the branching ratio is calculated with the full data in Chapter 10
and the conclusion is given in Chapter 11.
Chapter 2
Radiative B meson Decay
2.1 Radiative B Meson Decay
The B meson system, which is a bound state that consists of a b quark and
a light antiquark, provides an ideal laboratory for precise study of the SM
of particle physics, and thus facilitates the search for the NP. Because the b
quark mass is much larger than the typical scale of the strong interaction,
the troublesome strong interactions are generally less important and are under
better control than in other lighter meson systems. Radiative decays of the B
meson with emission of a photon are particularly important. These processes
reveal the flavor changing neutral current(FCNC), that is the transition of a
b quark with an electric charge of -1/3 into an s or a d quark of the same
charge, b → sγ(Figure 2.1). This process is forbidden at the tree level in
the SM and proceeds via radiative loop diagrams. Since the loop diagram
is dominant, effects of new particles within the loop predicted by many NP
models in Figure 2.2 which we have not been directly accessible in collider
experiments, enhancing or suppressing this branching ratio, can be investigated
by precision measurements. The b→ sγ is highly sensitive to the NP because it
is theoretically well-understood. The search for such NP effects complements a
search for new particles directly by produced high energy collider experiments,
such as the LHC.
Quark-level process cannot be directly measured because the strong in-
teraction forms hadrons from underlying quarks. Instead, the experimentally
measured and theoretically calculated process is a B meson decay into a photon
plus an inclusive hadronic final state Xs which includes all the hadron com-
binations that carry a strange quantum number of s quark(Inclusive decay,
B → Xsγ). In addition, exclusive decays have one or a few specific hadrons in
















Figure 2.2: b→ sγ diagrams in NP model
the final state(e.g., B → K∗γ)
2.2 Electroweak Effective Hamiltonian
Inclusive B decays are theoretically clean because they are dominated by par-
tonic(perturbatively calculable) contributions. Non-perturbative corrections
are in general rather small[1, 2, 3, 4]. This result can be derived with the help
of the heavy mass expansion(HME) of the inclusive decay rates in inverse pow-
ers of the b quark mass. Up-to-date predictions of exclusive decay B decays are
based on the quantum chromodynamics(QCD)-improved factorization(QCDF)
and soft collinear effective theory(SCET) methods. In general, exclusive modes
have larger non-perturbative QCD corrections than do inclusive modes.
Radiative B decays are governed by an interplay between the weak and
strong interactions. The QCD corrections that arise from hard gluon exchange
bring in large logarithms of the form αns (mb)log
m(mb/M), where M = mt or
M = mw and m ≤ n(with n=0,1,2...). These large logarithms are a natural
feature in any process in which two different mass scales are present. To
obtain a reasonable result, one must resum at least the leading-log(LL) series,
n = m, with the help of renormalization-group techniques. Working to next-to-
leading-log(NLL) or next-to-next-to-leading-log(NNLL) precision means that
one resums all the terms with n = m+ 1 or n = m+ 2. A suitable framework
in which to achieve the necessary resummations of the large logarithms is
an effective low-energy theory with five quarks; this frameworks obtained by
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interacting out the heavy particles, which are the electroweak bosons and the
top quarks in the SM.
This effective field theory approach serves as a theoretical framework for
both inclusive and exclusive modes. The standard method of the operator
product expansion(OPE)[5, 6] allows for a separation of the B meson decay
amplitude into two distinct parts: the long-distance contributions contained
in the operator matrix elements and the short-distance physics described by
the so-called Wilson coefficients.






where Oi(µ) are the relevant operators and Ci(µ,M) are the corresponding
Wilson coefficients. As the heavy fields are integrated out, the complete top
and W mass dependence is contained in the Wilson coefficients. GF denotes
the Fermi coupling constant.
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relations λcq = −λtq − λuq have already been used. The dimension-six operators
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are
O1 = (sLγµT acL) (cLγµT abL) , (2.3)
Ou1 = (sLγµT auL) (uLγµT abL) , (2.4)
O2 = (sLγµcL) (cLγµbL) , (2.5)
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where T a = are SU(3) color generator, Fµν and Gµν are electromagnetic and
chromomagnetic fields, and Γ = γµγνγλ and Γ
′ = γµγνγλ. The subscripts L
and R refer to left- and right-handed components, respectively, of the fermion
field. O1−2 are current-current operators in Figure 2.3(a), O3−6 are QCD pen-
guin operators in Figure 2.3(b), O7−8 are electro- and chromo- operators in
Figure 2.3(c) and 2.3(b), respectively, and O9−10 are semi-leptonic operators
in Figure 2.3(d). In b→ s transitions the contributions proportional to λus are
rather small, whereas in b → d transitions where λud is of the same order as
λtd, these contributions play an important role in CP and isospin asymmetries.
The O9−10 occur only in the semi-leptonic b → s/dl+l− modes. Among the
four-quark operators, only the effective couplings for i =1, 2 are large at the
low scale, C1,2(mb) ∼ 1, whereas the coupling of the other four-quark oper-
ators have almost negligible values. But the electromagnetic operator with
C7(mb) ∼-0.3 and the chromomagnetic operator with C8(mb) ∼-0.15 play a
significant role in both b → s(d)γ and b → s(d)l+l−. The vector and axial-
vector contributions to b→ s(d)l+l− have C9(mb) ∼4, C10 ∼-4.









































































Although the Wilson coefficients Ci(µ) enter both inclusive and exclusive
processes and can be calculated with perturbative methods, the calculational
approaches to the matrix elements of the operators differ between the two
cases. In inclusive modes, one can use the quark-hadron duality to derive a
well-defined HME of the decay rates in powers of Λ/mb[10, 11, 12, 13, 14,
15]. In particular, the decay width of the B → Xsγ is well approximated
by the partonic decay rate, which can be calculated in renormalization-group-
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improved perturbation theory[16, 17]. On the other hand, in exclusive modes,
one cannot rely on the quark-hadron duality, so one must estimate the matrix
elements between meson states. Therefore, the exclusive final states have less
predictive power theoretically, whereas the inclusive mode is a good probe for
NP search due to the large prediction power.
The b → sγ, which is mainly generated through the electromagnitic dia-














2.3 Experimental Techniques for Inclusive
decay B → Xsγ
Measurement of the inclusive decay B → Xsγ is difficult for the hadron col-
lider, such as LHCb, due to a huge γ background. On the other hand, the
Υ (4S) resonance produced by e+e− collision provides a clean sample of BB
meson pairs. Therefore, the techniques at the e+e− collision are described in
this section.
Fully inclusive measurement In a fully inclusive measurement, only
photon is reconstructed and the Xs system recoiling against the emitted pho-
ton is not reconstructed. In this method, a large uncertainty from the Xs
decay model can be highly suppressed. But, the background rejection is chal-
lenging in this measurement because only photon is measured. The dominant
background photon sources are copiously produced π0 → γγ decays, η → γγ
to a lesser extent.
Semi-inclusive measurement An alternative technique is to measure
as many exclusive modes as possible and then calculate their sum. Exclusive
branching fractions measured to date do not saturate the inclusive process,
but one can still infer the total branching fraction by estimating the fraction
of unmeasured modes using simulated hadronization processes. Therefore, the
signal modeling of theXs decay in the simulation is significant. In this method,
B mesons can be reconstructed by full reconstructions of final state particles.
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Thus, the signal events of B → Xsγ are clearly obtained in background events
in contrast to the fully-inclusive measurement. In addition, a background
suppression is easier since the B meson information is available. This method
also provides direct information about the B meson. For example, the charge
and flavor information allows CP- and isospin asymmetry measurements.
B-reco inclusive measurement Another potentially definitive method
is the so-called B-reco technique, in which the other B meson of BB pair is
fully reconstructed, thereby allowing the target B decay to be measured in
a very clean environment. The reconstruction efficiency is very low and this
method will be more important in future experiments, such as BelleI .
2.4 Measurements to date
2.4.1 Branching fraction
The branching ratio of B → Xsγ has been measured by the CLEO, BaBar and
Belle summarized in Figure 2.4. The SM calculation for the b → sγ has been
performed at next-to-next leading order in the perturbative term and the result
is BR(B → Xsγ) = (3.15 ± 0.23) × 10−4 for a photon energy above 1.6 GeV
in the B meson rest frame[21]. The current world averages by HFAG2012[20]
and PDG2013 are in a good agreement with the SM calculation.
2.4.2 Constraints to the Two Higgs Doublet Model
The results of the BR(B → Xsγ) imply very stringent constraints on NP
models. Here, we describe the Two Higgs Doublet Models(2HDM)[22] which
are simple extensions to the SM Higgs sector, only introducing an additional
SU(2)L × U(1)Y Higgs doublet, leading to five physical Higgs bosons. Three
Higgs bosons (A0, h0, H0) are electrically neutral and the two remaining ones
(H±) are electrically charged. The free parameters of the 2HDM are the Higgs
boson masses MA0 ,Mh0 ,MH0 and MH± , the ratio of the vacuum expectation
values of the two Higgs doublets tanβ = v2/v1, occurring in the mixing of
charged and neutral Higgs fields, and the angle α, governing the mixing of the
neutral CP-even Higgs fields.
The branching ratio of the B → Xsγ can be changed with an appropriate
choice of the Higgs-fermion couplings. For example, in the Type-I 2HDM this
is achieved by letting only one Higgs doublet couple to the fermion sector. In
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Figure 2.4: Measurement results and theoretical calculation of B → Xsγ. The
CLEO, BaBar and Belle measurements are shown, and the averages are shown by
red markers. The yellow band means the SM prediction.
the Type-I 2HDM[23], one Higgs doublet couples to the up-type quarks and
leptons only, while the other one couples only to the down-type quarks and
leptons. The-I 2HDM resembles the Higgs sector in the Minimal Supersym-
metric Standard Model. It fixes the basis of the Higgs fields and promotes
tanβ to a physical parameter[26].
By investigating observables that are sensitive to corrections from a charged
Higgs exchange in Figure 2.2(a) we derive constraints on the allowed charged-
Higgs massMH± and tanβ. In direct searches, LEP has derived a lower limit of
MH± > 78.6 GeV at 95 % CL[24], for any value of tanβ. The constraints on the
charged Higgs are currently dominated by indirect measurements, as opposed
to direct searches at high-energy accelerators. The most relevant observables
for the search of Type-I 2HDM signal are the electroweak precision variable R0b
which is the hadronic branching ratio of of Z to b quarks, branching fractions
of rare semileptonic B, D andK decays, and loop-induced radiative B decays.1
The 2HDM contribution to the branching ratio of the B → Xsγ arises from
a charged Higgs replacing the W± in the loop and is always positive in the
typeI model. The constraint to the 2HDM from the branching ratio of the
1Decays of τ and µ leptons can also occur through charged Higgs tree diagrams giving
anomalous contributions to the decay parameters measured in these decays. Their present
sensitivity is however not competitive with the other observables.
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(a) Constraint from BR(B → Xsγ). Two-
sided 68%, 95% and 99% CL exclusion re-
gion.
(b) 95 % CL excluded regions from com-
bined fit with R0b , B, D, K decays.
Figure 2.5: 2HDM paramter plane MH+ versus tanβ
Figure 2.6: Constraints of the light H± and the heavy H±, in the context of the
MSSM mmaxh scenario with µ=200 GeV.
B → Xsγ shows in Figure 2.5(a). The BR(B → Xsγ) is especially sensitive
to tanβ for small values. For larger tanβ it provides an almost constraint
area of exclusion of a charged Higgs lighter than ≃270 GeV. The 95 % CL
excluded regions from combined fit with R0b , and B, D, K decays are shown
in Figure 2.5(b). Recently, the LHC experiments attempt to directly detect
signals from charged Higgs production, using the τ+jets channel[27]. For light
charged Higgs bosons(mH± < mtop), the tt → H+bWb production mode is
dominant, while for heavy charged Higgs bosons, associated production of
tH± is dominant. No evidence for a charged Higgs boson is found. The
constraint from the result are shown in Figure 2.6. This excluded region is
already strongly disfavored by the current BR(B → Xsγ) measurements.
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2.4.3 Other Observables
CP Asymmetry The direct CP asymmetry is important observable for
NP search. It is defined as
ACP =
Γ(b→ sγ)− Γ(b→ sγ)
Γ(b→ sγ) + Γ(b→ sγ)
. (2.17)






























and we define a quatity δ by the requirement that Eγ >







∼ λ2(iη − ρ) = O(10−2). (2.19)
In the last step, ϵs is expressed in terms of the Wolfenstein parameters, with
λ =sinθc ∼0.22 and ρ, η = O(1). The v(z) and b(z) are defined as
v(z) =
(




















b(z) = g(z, 1)− g(z, 1− δ), (2.21)
g(z, y) = θ(y − 4z)
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In the SM, the Wilson coefficients take the real values. The imaginary part of
the small quantity ϵs is thus the only source of CP violation. Note that all






. Hence, the SM prediction for the CP asymmetry is suppressed by








resulting from the GIM suppression. As a result,
the SM predicts a tiny asymmetry of O(0.5%) and is not very sensitive to the
choice of the photon-energy cutoff[28]. In NP models which have contributions
to C7 and C8 such that the ratio C7/C8 has a non-trivial weak phase, the third
2.4. MEASUREMENTS TO DATE 14
term in Eq.(2.18), there is the possibility of generating large CP asymmetries.
The current results, based on 152 and 383 million BB samples by Belle and
BaBar, are 0.002±0.050±0.030[31] and -0.011±0.030±0.014[32], respectively,
and have been averaged by PDG 2013 to be
ACP = −0.008± 0.029. (2.23)
Time-dependent CP Asymmetry In the SM, the emitted photon in
b → sγ decays are predominantly left-handed, namely right-handed contri-
bution is suppressed by C ′7 =
ms
mb
C7. Large contributions from right-handed
photon indicate the NP. The branching ratio is sensitive to |C7|2 + |C ′7|2. To
extract the ratio C ′7/C7 the time-dependent CP asymmetry for b → sγ is
useful. The CP asymmetry is suppressed, thus, the expected mixing-induced
CP asymmetry parameter(SCP ) is O(3%)[29, 30]. This measurement faces two
experimental challenges. First, the modes and statistics that can be used for
the measurement are rather limited. Second, the B meson decay vertex po-
sition has to be extrapolated from the displaced Ks → π+π− vertex and the
K0s momentum vector. Therefore, the Ks decays inside the vertex detector
volume(55% in Belle, 68% in BaBar) and the resulting vertex resolution is
somewhat degraded. The measurements for the time-dependent CP asymme-
try of b → sγ are summarized in Figure 2.7. All results are compatible with
null asymmetry with errors that are not still small enough to provide nontrivial
constraints on right-handed currents. This measurement will be a good probe
for the NP search in future experiments, such as BelleI .
Isospin Asymmetry Another important observable is the isospin asym-
metry given by
∆0+ =
Γ(B+ → X+s γ)− Γ(B
0 → X0sγ)
Γ(B+ → X+s γ) + Γ(B
0 → X0sγ)
, (2.24)
where the partial decay rates are CP -averaged. In the SM, since spectator
quark dependent effects enter, the prediction is as small as O(5%). The mea-
surement is especially sensitive to NP effects in the penguin sector, namely to
the ratio of the two effective coupling C6/C7. The current world averages by
PDG2013 for B → K∗γ are
∆0+(B → K∗γ) = −0.052± 0.026. (2.25)
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(a) Mixing-induced CP asymmetry
SCP
(b) Direct CP asymmetry CCP
(c) SCP vs CCP (B → K∗γ) (d) SCP vs CCP (B → Ksπ0γ)
Figure 2.7: Measurement for the time-dependent asymmetries
This result is in an agreement with the SM prediction. The measurement for
the inclusive B → Xsγ with semi-inclusive method by BaBar is
∆0+(B → Xsγ) = −0.006± 0.058± 0.026, (2.26)
which is consistent with null asymmetry but is not yet as precise.
2.5 Goal for this thesis
In this thesis, we measure the branching fraction of B → Xsγ with the semi-
inclusive method as described in Section 2.3. This is updated from the mea-
surements with 5.8fb−1[36] at the Belle, in reconstruction of more final states,
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wider Xs mass region measurement and an improved analysis procedure, as
well as more integrated luminosity.
Chapter 3
Belle Experiment
The Belle experiment was designed to resolve the nature of CP violation, which
holds one of the key to the origin of the universe. At that time, CP violation
in only K meson decay had been observed and everyone had great expecta-
tions on discovery of CP violation in B meson decay. To measure B decay
precisely, of which typical decay rate is between 10−3 and 10−6, the huge num-
ber of B mesons are needed. Therefore, two high luminosity machines, which
are called ”B factory”, were built at the High Energy Accelerator Research
Organization(KEK) in Tsukuba, Japan and the Stanford Linear Accelerator
Center(SLAC) in California, U.S.. The experiment in Japan was named as
”Belle”, while that in U.S. was named as ”BaBar”. B factories produce a co-
pious numbers of B mesons like a factory in order to study on various aspects
on B meson.
KEKB and PEP-II are electron-positron colliders whose center of mass en-
ergy is adjusting at Υ(4s) resonance. Either of KEKB and PEP-II accelerators
in Belle and BaBar, respectively, have an asymmetric beam energy to produce
boosted B mesons.
The clean experimental condition of Belle makes it possible to study the
decay processes involving neutrinos and inclusive decays which can not be mea-
sured at hadronic machines: e.g. b → sγ, b → sll, b → sνν,B → D(∗)τν, B →
τν.
Belle started to take data in June, 1999 and finished in June, 2010. We
achieved the world record peak luminosity, 2.1× 1034 cm−2s−1 and have accu-
mulated 1040 fb−1.








Figure 3.1: KEKB accelerator
3.1 The KEKB accelerator
KEKB(Figure 3.1) is a two-ring energy-asymmetric e+e− collider to produce
a huge number of B and B meson pairs. To produce largely boosted B meson
for CP violation study, e+ and e− beam energies must be asymmetry. In that
case these beams cannot have the same orbit under common magnetic field
and thus KEKB is designed to have two separate rings for the e+ and the e−
beams. The e+ and the e− beams are injected directly into the main rings at
Fuji area from a linear accelerator. The e+ beam , which is called the Low
Eenergy Ring(LER), circulates anti-clockwise with energy E+ = 3.5 GeV and
the e− beam, which is called the High Energy Ring(HER), circulates clockwise
with energy E+ = 8.0 GeV. The KEKB has two crossing points at Tsukuba
and Fuji experimental hall and the beams collide at the interaction points(IP)
in the Tsukuba hall, where the Belle detector is located. On the other hand
two beams are displaced vertically and pass through each other at the Fuji
hall.




4E+E− = 10.58GeV, which
corresponds to the mass of Υ(4S) that decays into BB pair with more than
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96% of the branching ratio. The cross-sections in e+e− collision at the Υ(4S)
resonance are summarized in Table 3.1. The BB cross-section is about 1.1
nb. The Υ(4S) resonance stand on top of large continuum background coming
from light-quark pair production(e+e− → qq(q = u, d, s)).
Table 3.1: Cross-section in e+e− collision at
√
s = 10.58 GeV. QED refers to




qq(q = u, d, s) 2.1
ττ 0.93
QED(25.551◦ < θ < 159.94◦) 37.8
γγ 11.1
For measurement of time-dependent CP asymmetry, the distance of the
decay vertices(∆z) of the B meson pairs is measured with asymmetric beam
energy, instead of the difference of the decay time(∆t) from ∆z ∼ cβγ∆t. The





As the result a boosted B meson runs about 0.425 ×cτ(B0 : 455µm) ∼ 200µm
in average.
The design luminosity of KEKB is 1.0×1034 cm−2s−1. The collider achieved
the goal in May 2003 and finally, the luminosity reached
L = 2.11× 1034cm−2s−1 (3.2)
which is the world’s highest luminosity in e+e− colliders and corresponds to
an approximate production rate of 20 BB pairs per second.
In early 2004, a new method of operation at KEKB called ”continuous
injection mode” was successfully introduced which removes the dead time of
the ordinary injection method. It allowed the data taking to avoid to stop
every hour to replenish the beams in the storage ring. In early 2007, a new
instrument called a ”clab” cavity was installed. In the original design, the two
beams do not collide head-on, but with a small crossing angle of ±11 mrad. It
has the advantage, at some cost on the luminosity, of simplifying the design of
the interaction region and reducing the background in the detector. To cope
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Figure 3.2: Integrated luminosity of Belle(blue) and BaBar(green)
with the luminosity loss, the bunches are tilted by a crab cavity in each ring,
to the bunches with a maximum overlap.
Figure 3.1 shows the history of the integrated luminosity. The total inte-
grated luminosity reached 1000 fb−1, which is one of the primary targets of
the KEKB projects, by finishing the data taking in June 2010.
3.2 The Belle detector
In the Belle detector(Figure 3.2)[37], B meson decay vertices are measured by
a silicon vertex detector(SVD) located just outside of a beryllium beam pipe.
A charged particle tracking from B decay is provided by a central drift cham-
ber(CDC). Particle identifications can be achieved by the dE/dxmeasurements
in the CDC and a aerogel cherenkov counter(ACC) and a time-of-flight coun-
ters(TOF) situated radially outside of the CDC. An electromagnetic shower is
detected in a electromagnetic calorimeter(CsI(Tl) crystals) located inside the
solenoid coil. Muon and KL mesons are identified by arrays of resistive plate
counters interspersed in the iron yoke.
A major detector upgrade was performed in the summer of 2003. A 3-
layer SVD with a 2 cm radius beam-pipe was used before the upgrade and a
data sample corresponding to a integrated luminosity of 150 fb−1(DS-I) was
collected with this configuration. After the upgrade, a 4-layer SVD, a 1.5
cm radius beam-pipe and a small-cell inner drift chamber were installed. A
data sample corresponding to the integrated luminosity of 850 fb−1(DS-II) was













Figure 3.3: Belle detector
collected with this configuration.
The origin of the coordinate system is defined as the position of the nominal
IP. The z axis is aligned with the direction opposite to the positron beam and
is parallel to the direction of the magnetic field within the solenoid. The x
axis is horizontal and points towards the outside of the storage ring and the y
axis is vertical. The polar angle θ and azimuthal angle ϕ are measured relative




The following subsections provide a detailed description of sub-detectors.
The performance parameters of the Belle detector are summarized in Table
3.2.
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3.2.1 Silicon Vertex Detector(SVD)
The Silicon Vertex Detector(SVD) is placed at the most inner part of the Belle
detector(just outside of the beam pipe) and provides very precise position
measurement for B meson vertex reconstruction, which is crucially important
for the time-dependent CP asymmetry in the B meson decay. In the analysis, it
is essential to measure the difference in z-vertex positions for B meson pair with
a precision of 100 µm. The SVD also provides the information to reconstruct
D and τ decay vertices and contributes to the tracking.
Since most particles of interest in the Belle have momenta of about 1 GeV/c
or less, the vertex resolution is dominated by the multiple-Coulomb scattering.
This imposes strict constraints on the design of the detector. In particular, the
innermost layer of the vertex detector must be placed as close to the interac-
tion point as possible. A support structure must be low in mass, but rigid and
readout electronics must be located outside of the tracking volume. The design
must also withstand large beam background. With the high-luminosity opera-
tion of the KEKB, the radiation dose to the detector due to beam background
was expected to be 30 krad/yr at the full design current.
A sensor of the SVD is Double-sided Silicon Strip Detector(DSSD). A
charged particle passing through the junction liberates electrons from the va-
lence band into the conduction band creating electron-hole pairs(e−p+). These
pairs create currents in the p+ and n+ strips located on the surface of the DSSD.
The p+ strips are aligned along the beam axis and measure the azimuthal an-
gle. The n+ strips are aligned perpendicularly to the beam axis and measure
z position. The DSSD are originally designed for the DELPHI micro-vertex
detector[38] and fabricated by Hamamatsu Photonics. The readout chain for
DSSDs is based on the VA1 integrated circuit[39]. The VA1 has excellent noise
performance and reasonably good radiation tolerance of 200 krad. The back-
end electronics is a system of flash analog-to-digital converters(FADCs), digital
signal processors(DSPs) which perform on-line common-mode noise subtrac-
tion, data sparsification and data formatting, and field programmable gate
arrays(FPGAs), mounted on standard 6U VME boards.
SVD1 Figure 3.4 shows the side and end views of the SVD1[40]. The size fo
the active region is 53.5×32.0 mm2 on the z-side and 54.5×32.0 mm2 on the ϕ-
side. The overall DSSD size is 57.5×33.5 mm2. SVD1 consists of 102 DSSDs in
total and three concentric cylindrical layers arranged to cover 23◦ < θ < 139◦.
It covers with 86 % of full solid angle. The radii of three layers are 30.0, 45.5
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Figure 3.4: SVD1 configuration
and 60.5 mm, composed of 8,10 and 14 ladders, respectively.
SVD2 The SVD upgrade was performed in the summer of 2003 due to a
limitation of SVD1, especially its radiation tolerance and non-negligible dead
time. These limitations led to the design of a new detector called SVD2.
The SVD2 consists of four concentric cylindrical layers and the polar angle
acceptance is improved to cover 17◦ < θ < 150◦ which is the same as CDC
and corresponds to the 92 % of the full solid angle. The radii of four layers
are 20.0, 43.5, 70.0 and 88.0 mm(the radius of beam pipe is 1.5 cm) and these
layers are made up of 6, 12, 18 and 18 ladders, respectively. SVD2 consists of
138 DSSDs.
The impact parameter resolution of the SVD1 and the SVD2 for recon-
structed tracks with cosmic ray events are
σrϕ(µm) = 19.2⊕ 54.0/p̃, σz(µm) = 42.2⊕ 44.3/p̃ (3.3)
σrϕ(µm) = 21.9⊕ 35.5/p̃, σz(µm) = 27.8⊕ 31.9/p̃, (3.4)
respectively, where p̃ is defined as p̃ = pβsin3/2θ for r−ϕ side and p̃ = pβsin5/2θ
for z side. The resolutions as a fucntion of the track momentum p are plotted
in Figure 3.6. The resolutions of the SVD2 is better than them of the SVD1,
mainly owing to the smaller radius of the innermost layer.
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Figure 3.5: SVD2 configuration
Figure 3.6: Impact parameter resolution of SVD2 and SVD1
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3.2.2 Central Drift Chamber(CDC)
The Central Drift Chamber(CDC)[41] is a cylindrical wire drift chamber and
one of the most important sub-detectors in the Belle detectors. The CDC is
placed in a 1.5 T magnetic filed produced by the solenoid coil, therefore a
charged track follows a helicoidal trajectory in the CDC. The CDC provides
following three measurements.
• Precise determination of three-dimensional trajectories, providing mea-
surements of charged particle momentum vectors
• Measurement of charged particle energy loss in the chamber gas (dE/dx)
for particle identification
• Provision of fast-track information for discriminating interesting physics
events at the trigger level
The structure of the CDC used to collect DS-I is shown in Figure 3.7. It
is asymmetric in the z direction in order to accommodate the fact that the
particles from Υ(4S) are boosted because of the asymmetric nature of the
collider. It covers 17◦ < θ < 150◦, which corresponds to 92 % of the full
solid angle. The longest wires are 2400 mm long. The outer radius is 874 mm
and the inner one is extended down to 83 mm. The chamber has a total of
8400 drift cells that are organized into superlayers of six axial and five small-
angle-stereo which provide z position information. Each superlayers consists
of between three and six radial layers, all with the same number of drift cells
in azimuthal direction. The (almost) rectangular shaped cell consists of one
sense wire and eight filed wires as shown in Figure 3.8. The sense wires are
30 µm diameter gold-plated tungsten. To reduce the material, the field wires
are unplated aluminum. At the inner layers of the CDC, three cathode strip
layers are made for higher precision z measurement
In the summer of 2003, the inner part structure of the CDC was jointly
modified with upgrade of the SVD. The three inner layers with cathode strips
were removed to make the space for the upgraded SVD with larger radius.
Instead, two layers of smaller cells which we call small-cell CDC were installed.
The inner radius after the modification is 104 mm, while the other geometry
is unchanged. The small-cell CDC maintains the performance of the Level-1
trigger by keeping the number of inner layers used for the trigger to be five,
which was six before the modification. In addition, we exploit the small drift
time due to the smaller cell to provide additional information for the Level-0
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Figure 3.7: CDC configuration
trigger logic required by the SVD, which was provided by the information from
the TOF alone before the upgrade.
The use of a low-Z gas is important for minimizing multiple coulomb scat-
tering contributions to the momentum resolution. Since lowZ gases have a
smaller photo-electric cross-section than argon based gases, they have an ad-
ditional advantage of reducing backgound hits caused by low-energy photons
from synchrotron radiation and spent particles. We use a 50% He-50% C2H6
gas mixture, which has a ∼640 m radiation length, and a drift velocity that
saturates at ∼4 cm/µs for a ∼2 kV/cm electric field. This drift velocity sat-
uration reduces the sensitivity of the distance-to-time relation function to the
value of the applied high voltage and simplifies the calibration. In spite of the
low-Z nature of the mixture, good dE/dx resolution is provided by the large
ethane component of the gas.
The typical spatial resolution is measured to be 120 µm-150µm with de-
pendence on the incident angles and layers. The transverse momentum, pt,
resolutions using cosmic ray data are
σpt/pt =
√
(0.28pt)2 + (0.35/β)2 (pt in GeV/c) (3.5)
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Figure 3.8: The cell structure of CDC
without the SVD information, and
σpt/pt =
√
(0.19pt)2 + (0.30/β)2 (pt in GeV/c) (3.6)
with the SVD information as shown in Figure 3.9.
Figure 3.9: pt resolution with cosmic ray
Using dE/dx information with a given momentum, the population of π,K, p
and e are clearly separated. Figure 3.10 shows the measured dE/dx as a func-
tion of momentum, together with the expected mean energy loss for differ-
ent particle species. The dE/dx resolution for minimum ionized pions from
K0s → π+π− decays is measured to be 7.8 % with their momentum between
0.4 and 0.6 GeV/c.
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Figure 3.10: Measured dE/dx as a function of the charged track momentum with
collision data
3.2.3 Aerogel Cerenkov Counter
Particle identification, in particular the identification of charged pions and
kaons, plays an important role in many measurements of B decays. The mo-
mentum distribution of the final state kaons from the cascade decays ranges
up to around 1.5 GeV/c. The K/π separation in this relatively low momen-
tum region can be achieved by dE/dx measurement with the CDC in Section
3.2.2 together with a time-of-flight measurement in Section 3.2.4. On the other
hand, the K/π separation up to ∼4 GeV/c is required for reconstruction of the
two-body decay from B meson and therefore the detector must be equipped
with a device based on Cerenkov technologies. A threshold Aerogel Cerenkov
Counter(ACC)[42] enable the Belle to extend the momentum coverage for the
K/π separation up to 3.5 GeV/c.
The Cherenkov radiation is emitted when a charged particle passes through
a material medium at a speed greater than the phase velocity of light in the
medium, namely in case of n < 1/β =
√
1 + (m/p)2, where β, m and p are the
velocity, mass, and momentum of the charged particle, respectively, and n is
the refractive index of the matter through which the particle is passing. Since
mK± > mπ± , there is a momentum region where pions emit Cherenkov light,
but kaons and heavier particles do not. Thus, one can identify pions against
by choosing the proper refractive index n for the momentum region of interest.
The ACC consists of blocks of silica aerogel. The silica aerogel is a transpar-
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ent solid material with a colloidal form of glass that can provide a Cherenkov
light. A typical module consists of five aerogel tiles in a thin aluminium box
with the size of 12×12×12 cm3. To detect the Cherenkov light, two(one) fine-
mesh type photomultiplier tubes(FM-PMT) are attached to each module in
the barrel(end-cap) part. The FM-PMTs are designed to operate in strong
magnetic field of 1.5 T[44].
Figure 3.11: Side view of the ACC system together with other nearby detectors.
The refractive indexes, n, are given for each ACC module
Figure 3.12: Side view of the ACC system together with other nearby detectors.
The refractive indices, n, are given for each ACC module
In order to achieve a goodK/π separation for the required kinematic range,
the refractive indices of aerogels are selected to be between 1.01 and 1.03,
depending on their polar angle region. In barrel region, they are optimized for
the momentum of the daughter particles of B meson two-body decay, while
in the end-cap region, they are optimized for the momentum of K± from B
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cascade decay to improve a performance of B flavor tagging.
The performance of the ACC is evaluated using a decay process of D∗+ →
D0π+, D0 → K−π+, where an identification of the charged particles from the
D0 decay can be determined without using the ACC information by the charge
of π from D∗+ decay. Figure shows numbers of photo-electron from π± and
K± in this decay, where π± is well separated from K±, being consistent with
MC.
Figure 3.13: Distribution of photo-electron for π± and K± in D∗+ decay
3.2.4 Time-Of-Flight Counter(TOF)
The Time-Of-Flight Counter(TOF)[43] providesK±/π± separation for particle
momentum below 1.2 GeV/c. Furthermore, it provides fast timing signals for
the trigger system.
The mass of the particle m can be determined from the time-of-flight T













where L is a length of the flight.
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For example, when L=120 cm and p=1.2 GeV/c, T=4.0 ns for a pion(mπ± =
140 MeV/c2), while T=4.3 ns for a kaon(mK± = 494MeV/c
2). The difference
of T between pions and kaons is ∼300 ps, thus, K±/π± separation with 3σ
significance can be obtained with the time resolution of 100 ps.
The Belle TOF system consists of 64 modules and each module includes
two trapezoidal TOF counters and one Trigger Scintillation Counters(TSC)
counter(128 TOFs and 64 TSCs in total) as shown in Figure 3.14. TSC is a
thin scintillation counter to provide the fast timing signal for the Belle trigger
system. The TOF modules are located at a radius of 1.2 m from the IP covering
a polar angle range from 34◦ to 120◦. Fine-mesh photomultiplier tubes(FM-
PMTs) are attached to both ends of the TOF counter with air gaps of 0.1 mm.
As for the TSC counters, the FM-PMTs are glued to the light guides at the
backward ends.
Figure 3.15(a) shows the timing resolution for forward and backward PMTs
and for weighted average time as a function of the z positing on a TOF counter
using e+e− → µ+µ− decay. The resolution for the weighted average time is
about 100ps with a small z dependence, which satisfies the design goal. Figure
3.15(b) shows the mass distribution for each track in hadron events by 3.7,
calculated using the momentum of the particle determined from the CDC
track fit assuming muon mass. Clear peaks corresponding to π±, K± and
protons can be seen and the data points are in good agreement with a MC
prediction(histogram) obtained by assuming σTOF =100 ps.
3.2.5 Electromagnetic Calorimeter(ECL)
The main purpose of the electromagnetic calorimeter(ECL)[45] is the detection
of photons from B meson decays with high efficiency and good resolutions in
energy and position. Since most of these photons are end products of cascade
decays, they have relatively low energies and, thus, good performance below
500 MeV is especially important. However, important modes with a high
energy photon, such as b → sγ, produce energies up to 4 GeV and high
resolution is needed to reduce backgrounds. Good electromagnetic energy
resolution results in better hadron rejection. High momentum π0 detection
requires the separation of two nearby photons and a precise determination of
their opening angle, therefore, a fine-grained segmentation is required for the
ECL. Furthermore, the ECL is a main sub-detector for electron identification.
In the ECL, energy from an photon or electron is deposited in electromagnetic
showers produced by Bremsstrahlund and pair production, whild other charged
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Figure 3.14: TOF module
(a) TOF timing resolution as a function of
z position using e+e− → µ+µ− decay
(b) Mass distribution calculated from the
measured time-of-flight and momen-
tum for charged particles with momen-
tum below 1.25 GeV/c using data.
Figure 3.15: TOF performance
particles deposit a small amount of energy by dE/dx ionization. Therefore,
the ratio of the cluster energy measured by the ECL to the charged track
momentum measured by the CDC, E/p is close to unity for a electron and
smaller than unity for other particles.
In order to satisfy these requirements, a highly segmented array of CSI(Tl)
crystals. CsI(Tl) crystals have various features such as a large photon yield,
weak hygroscopicity, mechanical stability and moderate price.
Figure 3.16 shows the overall configuration of the ECL, which contains
8736 crystals. The ECL consists of three sections: the forward endcap section
consists of 1152 crystals and cover 12.4◦ < θ < 31.4◦, the barrel section has
6624 crystals and cover 32.2◦ < θ < 128.7◦ and the backward section has 960
crystals and cover 130.7◦ < θ < 155.1◦.
The size of a crystal in the θ − ϕ direction is determined so that a crystal
constrains approximately 80 % of the total energy deposit by a photon injected
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at the center of its front face. The typical dimension of a crystal is 55 mm×55
mm at front face and 65 mm×65 mm at rear face for the barrel part. The
thickness in r direction is 30 cm, which corresponds to 16.2 radiation length.
This is long enough to avoid deterioration of the energy resolution at high
energy due to the shower leakage. Total weight of the crystals is about 43
ton. The light of each crystal is readout by two PIN photodiodes mounted a
preamplifier at the end of each crystal.
Figure 3.16: ECL configuration
The energy dependence of the average position resolution is estimated by
MC and can be approximated by






(E in GeV) (3.8)
in Figure 3.17. This is in a good agreement with a result of beam test[46].















+ 1.342 (E in GeV) (3.9)
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Figure 3.17: ECL position resolution as a function of energy(The solid curve is the
result of fit to MC.)
3.2.6 KL and Muon Detector(KLM)
KL and Muon Detector(KLM)[47] is designed to identify KL and µ with high
efficiency over a broad momentum range greater than 600 MeV/c. The KLM
consists alternating layers of glass-electrode resistive-plate counters(RPC) for
charged particle detection and 4.7 cm -thick iron plates.
The RPCs have two parallel plate electrodes with high bulk resistivity(≥1010Ωcm)
separated by a gas(Argon:Butane:Freon=30:8:62)-filled gap. In the streamer
mode, an ionizing particle transversing the gap initiates a streamer in the gas
that results in a local discharge of the plates. This discharge is limited by
the high resistivity of the plates and the quenching characteristics of the gas.
The discharge induces a signal on external pickup strips, which can be used to
record the location and the time of the ionization.
A KL interacts in the iron or ECL and produces a shower of ionizing par-
ticles. The location of this shower detemines the direction of the KL, but
fluctuations in the size of the shower do not allow a useful measurement of the
KL energy. The multiple layers allow the discrimination between muons and
charged hadrons(π± and K±) based on their range and transverse scattering.
Muons travels much further with smaller deflections on average than strongly
interacting hadrons.
There are 15 RPC layers and 14 iron layers in the octagonal barrel region
and 14 layers in each of the forward and backward end-caps. The barrel region
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covers angular range from 45◦ to 125◦ in the polar angle and the end caps
extend the range to 20◦ and 155◦, respectively.
Figure 3.18: Cross section of a KLM module
Figure 3.19(a) shown a histogram of the difference between the direction
of the KL cluster candidates and the missing momentum direction which is
obtained from the hadronic events. We can see a clear peak where the direction
of the neutral cluster measured in the KLM is consistent with the missing
momentum in the event. The angular resolution for KL is estimated to be
0.03 mrad with the MC.
Figure 3.19(b) shows the muon detection efficiency as a function of momen-
tum in the cosmic ray events. Below 500 MeV/c, the muon does not reach the
KLM detectors. The likelihood being a muon is obtained from a comparison
of the measured range of a particle with the predicted range for a muon. We
have a muon identification efficiency of better than 90 % with a fake rate of
less than 2 %.
3.2.7 Trigger and Data Acquisition
The total cross section shows at the design luminosity of 1034 cm−2s−1 are listed
in Table 3.1. Since the QED and γγ events are very large, the trigger rates
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(a) Difference between the neu-
tral cluster and the direction
of missing momentum in the
KLM
(b) Muon identification effi-
ciency and fake rate as a
function of momentum
Figure 3.19: KLM peformance
must be prescaled by a factor of ∼ 1/100. In addition, high beam backgrounds
are expected because of the high beam current. The trigger system is required
to be robust against unexpectedly high beam background rates. The trigger
conditions should be flexible so that background rates are kept within the
tolerance of the data acquisition system, while the efficiency for physics events
of interest is kept high.
Figure 3.20 shows the schematic view of the Belle trigger system. The
trigger system consists of the sub-detector trigger systems and the central
trigger system called the Global Decision Logic(GDL). The sub-detectors pro-
cess signals in parallel and provide trigger information to the GDL. The GDL
combines the trigger signal from each sub-detector and makes a final decision
to initiate a Belle data acquisition within 2.2 µs from the event occurrence.
The global scheme of the Belle data acquisition system(DAQ) is shown
in Figure 3.21. The entire system is segmented into seven subsystems run-
ning in parallel, each handling the data from a sub-detector. Charge-to-time
convertesr(QTCs) and time-to-digital converters(TDCs) are used for all the
sub-detectors except for the SVD and KLM. The KLM does not have the
QTC since the pulse does not provide useful information. As for the SVD, the
DSSDs are readout by on-board chips and processed in analog-digital convert-
ers(FADC). The readout sequence starts when the sequence controller receives
a final trigger from the GDL and distributes a common stop signal to the
TDCs.
Data from each subsystem are combined into a single event record by an
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event builder, which converts ”detector-by-detector” parallel data streams to
an ”event-by-event” data river. The event builder output is transferred to an
online computer farm another level of event filtering is done after the fast event
reconstruction. The data are then sent to a mass storage system located at
the computer center.
Figure 3.20: Overview of the software trigger
Figure 3.21: Overview of the Data Acquisition System(DAQ)
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3.3 Analysis Tools
3.3.1 Software
The raw data obtained by the Belle detector are processed by the reconstruc-
tion tools, in which the tracking of the charged particles in the CDC, clustering
in the ECL, and particle identifications. The output of the reconstruction is
called a Data Summary Tape(DST) which is converted to a Mini Summary
Tape(MDST) for analysis. In the Monte Carlo simulation, an event generator
and full detector simulator are used to produce the data and the other parts
in analysis are same as the real data.
An analysis for both the real data and Monte Carlo simulation in the Belle
is performed in a Belle AnalysiS Framework(BASF) which was developed by
the Belle collaboration and based on Framework for the Parallel Data Anal-
ysis(FPDA). The BASF is the main generic structure for the Belle analysis
software and links different ”module”s dynamically at run time. We provide
an analysis code with a specific purpose as a module that is written as an
object of a class of C++.
3.3.2 Monte Carlo Simulator
The event generator simulates physical processes of particle decay chains. The
initial state is Υ(4S) for BB or qq and the final states consist of stable particles.
We use the EvtGen[49], an event generator that is well suited for B physics
and implemented many detail models. The B decay is performed by referring
to the decay table that contains decay modes and branching ratios. The qq
event generation uses the LUND(Pythia[19]) program, in which the subsequent
hadronization process is based on the Lund string fragmentation model[50].
The full detector simulator is based on the GEANT3[51], which is a large
library program developed at CERN to simulate reactions between particles
an matters. This simulator takes data from the EvtGen as an input and traces
the behavior of each particle in the detector, and simulates detector response.
3.3.3 K±/π± separation
K±/π± separation in the Belle is based on three measurements;
• dE/dx measurement with CDC
• Identification by Cherenkov light with ACC
• Time of flight measurement with TOF.
3.3. ANALYSIS TOOLS 40
These measurements cover with momentum of kaon and pion complementarily,
as shown in Figure 3.22. The likelihood functions LK and Lπ are constructed
Figure 3.22: Momentum coverage of sub-detectors in K±/π± separation
on the product of the likelihood function for three discriminants;
Li = LdE/dxi · LACCi · LTOFi (i = K,π). (3.10)





As a result, K± and π± can be well separated with more than 3σ up to the
momentum of 3.5 GeV/c. The performance of kaon identification is checked
with a decay chain D∗+ → D0π+, D0 → K−π+. With PK/π >0.6, an average
kaon efficiency and π fake rate with 0.5 < p < 4.0 GeV/c are about 88 % and
8.5 %, respectively.
3.3.4 Electron identification
The electron identification is based on a discriminant on two differences be-
tween electrons and other hadrons. First, we exploits the major difference in
the electromagnetic showers induced by electrons and the hadronic showers
induced by the pions and other hadrons. Second, we make use of the differ-
ence in velocity for electrons and hadrons of the same momentum. Specifically,
there are following five discriminants.
• Ratio of cluster energy to track momentum
• dE/dx measurements with the CDC
• Matching between track and ECL cluster
• Cluster shape parameter
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• ACC light yields
These are combined into a signal variable with a likelihood method. For each
discriminants, the electron likelihood(Le), and the non-electron likelihood(Le)





The electron identification efficiency in hadronic events is evaluated using
single-electron MC tracks embedded in real hadronic events. With Pe >0.5,
the efficiencies are 92 % (87 %) for the momentum region 1.0(0.5)< p <3.0
GeV and the whole polar angle range. The pion fake rate is evaluated using
inclusive Ks → π+π− decays and 0.22 % for 0.5< p <3.0 GeV.
Figure 3.23: Likelihood ratio Pe for electron(red) and pion(blue)
3.3.5 Muon identification
Muons, which are a heavy lepton, lose the energy mainly by multiple scattering
in the detector material. A muon with the momentum above 500 MeV can
penetrate easily to the KLM. The KLM hits are associated to the reconstructed
track by the CDC and SVD and the track is refitted. A likelihood function for
the muon identification[48] is calculated based on the two discriminants;
• Difference between the expected and measured track in the KLM
• Goodness of the fit of the transverse deviations of all hits associated with
the track.
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The likelihood ratio of Pµ is calculated as
Pµ =
Lµ
Lµ + LK + Lπ
(3.13)
The performance of the muon identification is evaluated by using two-photon
sample e+e− → e+e−µ+µ−. The measured efficiency is 89 % for Pµ >0.9 and
93 % for Pµ >0.1 over 1.0< p < 3.0 GeV/c. The average fake rate is evaluated
by using inclusive Ks → π+π− decays and is 1.4 % for Pµ >0.9 and 2.8 % for
Pµ >0.1 over 1.5< p < 3.0 GeV/c.
Chapter 4
Data and Monte Carlo Samples
4.1 Data Sample
The data sample used in this analysis is a full data set at the Υ(4S) resonance
collected by the Belle experiment, which corresponds to a integrated luminosity
of 711 fb−1.
Since e+e− → qq background at the Υ(4S) resonance is three times larger
than the BB decay, to study the qq background is essential. For the purpose
the Belle takes data at about 60 MeV below at the the Υ(4S) resonance. The
off-resonance data collected by the Belle is totally 89.5 fb−1. We use this data
to evaluate a contribution from qq background.
4.1.1 Hadronic Event Selection
After data processing, events taken by the Belle are classified into several cate-
gories. Some of the categories such as Bhabha events, muon pair events and γ
pair events are used for detector calibration, while hadronic events for analysis
of B and charm mesons are applied a skim, called HadronBJ. The HadronBJ
events are selected based on the track multiplicity and visible energy; the event
must have at least three charged tracks with a transverse momentum greater
than 0.1 GeV/c that originate from the vicinity of interaction point (|∆r| <
2 cm and |∆z| < 4 cm), and the sum of the energy of charged tracks and re-
constructed photons(Evis) must be greater than 20 % of
√
s. These selections
remove the majority of beam gas background and two-photon events.
4.2. SIGNAL MONTE CARLO SAMPLE 44
4.1.2 Number of BB pairs in Data
The number of BB pairs in the HadronBJ evcent sample is given by
N(BB) = N(On)− acN(Off), (4.1)
where N(On) is a number of events from Υ(4S)(On-resonance), and N(Off)
is a number of qq background(Off-resonance). a is the scaling factor for On-
resonance to Off-resonance data given by
a = N(qq)(On)/N(qq)(Off) (4.2)
= N(e+e−)(On)/N(e+e−)(Off) (4.3)
= N(µ+µ−)(On)/N(µ+µ−)(Off). (4.4)
We calculate ’a’ using both barrel bhabha and di-muon events and take the
average of the two,
a = 0.5(a(e+e−) + a(µ+µ−)). (4.5)
The systematic uncertainty in ’a’ is take as the difference
da = ±0.5|a(e+e−) + a(µ+µ−)|. (4.6)
’c’ is the ratio of the qq efficiency for On-resonance and Off-resonance data
given by
c = ϵ(On)/ϵ(Off). (4.7)
We calculate using MC and determine the error in ’c’ by comparing the event
classification distributions between qq MC and off resonance data.
The totall number of BB pairs is (771.1±10.6)×106.
4.2 Signal Monte Carlo Sample
In the semi-inclusive measurement, the signal modeling in the MC is significant
for a precision measurement. Two types of signal MC are generated, one for
the K∗(892) region (MXs < 1.15GeV) and another for the inclusive Xs region
(MXs > 1.15GeV). The MXs < 1.15GeV region is well-understood and the
K∗(892)γ is highly dominant. Therefore exclusive K∗(892)γ signal MC is used
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in this region. In the inclusive signal MC, various final states exist. The
photon energy spectrum, Xs mass distribution, and breakdown of final states
are not well-understood. Therefore, we take following measures to generate
the inclusive MC sample in Section 4.2.1 and 4.2.2.
The exclusive K∗(892)γ MC and the inclusive MC are mixed by the ratio
of the measured branching ratio, 4.3× 10−5 for B → K∗(892)γ and 3.1× 10−4
(BR(B → Xsγ)− BR(B → K∗(892)γ)), respectively.
4.2.1 Photon energy and Xs mass distributions in the
inclusive MC
The photon energy spectrum and Xs mass distribution are produced following
a Kagan-Neubert model[52]. The Fermi motion of the b quark inside the
B meson, which determines the characteristic shape to the photon energy
spectrum, can be consistently described in this model. The distributions are
evaluated in a next-to-leading order and has two parameters, the b quark
mass, mb, and the b quark momentum parameter in B meson, µ
2
π. We use
the parameter setting which is the best fit with the photon energy spectrum
in the previous Belle’s result by the full-inclusive analysis(mb=4.440 GeV/c
2,
µ2π=0.750 GeV
2) in Figure 4.1 and the MXs distribution is shown in Figure
4.2(a).
Since a difference on the MXs shape between the MC and data occurs a
large systematic uncertainty, a method to suppress the uncertainty is needed.
We discuss this issue later.
4.2.2 Hadronization model in the inclusive MC
In the Xs decay of the inclusive region, the light quark pair is generated and
final state hadrons are produced according to QCD theory. QCD perturbation
theory, formulated in terms of quarks and gluons, is valid at short distances.
At long distances, QCD becomes strongly interacting and perturbation theory
breaks down. In this confinement regime, the colored partons are transformed
into colorless hadrons, a process called either hadronization or fragmentation.
The hadronization process is generated in Pythia[19], which is frequently used
for event generation in high-energy physics. The Pythia has a huge numbers
of parameters on the hadronization model. Default values in Pythia are used
in the Belle, basically, but some parameters are changed according to the data
information, which is summarized in Appendix A.
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(a) The plot shows Belle’s result with Full-
inclusive method[67] and the line shows
the best fit shape based on KN model.






















(b) MXs vs Eγ in the Υ(4S) rest frame.
Photon energy spectrum is smeared by
nonzero momentum of the B meson in the
Υ(4S) rest frame.
Figure 4.1: Xs mass and Photon energy in signal MC.
In Table 4.1, the breakdown inXs final states are shown and the breakdown
as a function ofMXs is shown in Figure 4.2(b). Fractions of each mode inMXs
bins is also shown in Figure 4.3. Since each quark in the Xs is hadronized
separately the spin of Xs is treated as 0, however actually the spin is 1. The
assumption does not have a large effect in higher multiplicity-decay than three-
body, but in two-body decay, MC distributions are not necessarily correct.
Therefore, B → K∗2(1430)γ and K∗(1680)γ, which have a kaon with spin ≥ 1
that decay into two-body and measured or theoretically calculated branching
ratio[53], are added to the inclusive MC as exclusive signal MC, in which has
only two-body decay(Blue line in Figure 4.2). The inclusive MC is reweighted
by the acceptance-rejection method so that the MXs distribution after adding
K∗2(1430)γ and K
∗(1680)γ signal MC is consistent with the KN model.
A signal reconstruction efficiency depends on the particle contents in final
states, and a difference on the hadronization model between the MC and data
occurs a large systematic uncertainty. Thus, it is significant to understand Xs
decay model in data and calibrate the hadronization model in the MC. After
signal box opening, the hadronization model of the inclusive signal MC should
be calibrated by the data. We discuss this issue later.
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(a) Xs mass(Blue line : spin-1 kaon
mode)
 mass(GeV)sX





























(b) Breakdown of Xs mass
Figure 4.2: Xs mass in signal MC.
 mass(GeV)sX
































Figure 4.3: Fractions of each mode in MXs bins in signal MC(1.15< MXs <3.5
GeV/c2).
4.3 Background Monte Carlo Sample
For the background study, we use qq and BB MC samples which corresponds
to six times amount of real data. They are large enough comparing to the real
data size. In the BB background samples, e+e− → Υ(4S)→ BB events are
generated and the BB pairs decay according to branching fractions measured
to date and covers most of the known channels.
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Table 4.1: Fraction of each Xs final states(%)
Category Fraction(%) Fraction(%)
(Total MXs region) (MXs > 1.15GeV)
Kπ (at most one π0) 15.1 7.3
K2π (at most one π0) 11.6 13.1
K3π (at most one π0) 9.0 10.1
K4π (at most one π0) 5.1 5.7
3K(at most 2Ks) 0.5 0.6










K5π(at most 2π0) 4.5 5.1
K6π(at most 2π0) 2.3 2.6
K7π(at most 2π0) 1.0 1.1
K8π(at most 2π0) 0.4 0.4
K9π(at most 2π0) 0.1 0.1
K3π0(at most 6π) 4.3 4.9
K4π0(at most 5π) 1.7 1.9
K5π0(at most 4π) 0.5 0.6
K6π0(at most 3π) 0.2 0.2
Kω(with at most 4π)(ω → π0γ) 0.7 0.8
Kη′(with at most 4π)(η′ → ρ0γ) 0.5 0.5
Kη3π 0.7 0.8
Kη4π 0.5 0.6
3K2π(at most 2Ks) 0.7 0.8
3K3π(at most 2Ks) 0.5 0.6
3Ks(at most 2π) 0.1 0.1
Baryon modes 1.6 1.8
KL modes 27.2 27.4
Other 2.5 2.8
Chapter 5
Reconstruction of B → Xsγ with
a Semi-inclusive Method
5.1 Particle Selection
5.1.1 High-energy Photon Selection
The high energy photon is a prominent signature of the B → Xsγ final state.
A photon is detected as an isolated energy cluster in the ECL not associated
with charged tracks. We take the candidate with the energy in the CM frame
between 1.8 and 3.4 GeV. The primary photon candidate is requested to be
within the acceptance of the barrel ECL, 33◦ < θ < 132 in order to avoid
systematic uncertainty in the end cap region. This cut also suppresses a large
initial state radiation background. The candidates must satisfy E9/E25 ≥ 0.95,
which is the ratio of energy deposition within the central 3 × 3 cells to that
in 5 × 5 around the maximum energy ECL cell of the cluster. This selection
means the shower shape is consistent with a single isolated electromagnetic
shower.
π0 veto and η veto The main source of high-energy photon background
is due to decays of high energy π0, and η to a smaller extent. Because of the
rapidly decreasing energy spectrum of π0 from B decays, most high energy
photons from π0 are generated in an asymmetric decay. Consequently, the
candidate photon takes a high fraction of the π0 energy, in contrast, the other
photon(hereafter called ”slow photon”) is likely to be very low energy. Thus,
the slow photon is difficult to disentangle from the electronic background in
the ECL.
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To veto these π0 and η backgrounds, the high-energy photon candidate γ1 is
combined with any other photon γ2 and assigned a π
0 and η probabilities”[54].
We use a veto procedure based on the π0 and η probabilities, which are derived
from a two-dimensional probability density function, invariant mass of γ1 and
γ2, and Eγ2 . Figure 5.1 shows the π
0 and η probabilities. We apply a π0
probability below 0.05 and η probability below 0.1. Furthermore, π0 candidates
with the two photon invariant mass between 117 and 153 MeV/c2 are also
rejected as an additional suppression.
 probability0π



















Figure 5.1: π0/η probability distributions. Red distributions are signal photons
and Blue ones are backgrounds from π0 and η.
5.1.2 Charged Particle Selection
Charged tracks are reconstructed by the CDC and SVD. The momentum of
a track is calculated by using the curvature and the track is extrapolated to
obtain the momentum at the closest point to the origin in the x− y plane. A
charged particle candidate is selected with requirements based on the distance
of closest approach to the IP, |dr| < 0.5 cm and |∆z| < 5 cm. The track
momentum p is required to be > 0.1 GeV/c in order to reduce low momentum
combinatorial background. K/π separation(Section 3.3.3) is based on the tech-
nique based on the combined likelihood constructed in a way that a pion-like
track gives zero and a kaon-like track gives one. The charged tracks with the
probability of greater than 0.6 are counted among kaon candidates, while the
pion candidate is applied for < 0.6. We also removed electrons by rejecting
tracks with electron ID >0.6(Section 3.3.4).
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5.1.3 π0 Selection
π0 candidates are reconstructed from pairs of photons with more than 50 MeV
energy in the laboratory frame to remove low energy beam background. The
candidates must have an invariant mass between 125 and 145 MeV/c2(Figure
5.2(a)). This selection of the invariant mass is tight since there are a huge low
energy photon background. We also require a minimum momentum pπ0 > 0.1
GeV/c in the CM frame. Since the most of π0 candidates are boosted largely,
the photons from the π0 go to the same direction as the π0 and an angle
between two photons should be small. Thus, the selection of the angle is
applied, cosθγγ > 0.4.
5.1.4 η Selection
η candidates are also reconstructed from two photon candidates with more
than 100 MeV energy and must have an invariant mass between 515 and 570
MeV/c2(Figure 5.2(b)). We also require a minimum momentum pη > 0.2
GeV/c in the CM frame. The candidate must have a helicity angle, θhel, less
than 0.8 of cosθhel, which is the angle between the photon momentum and η
boost direction from the laboratory frame in the η rest frame. The correct η
candidate has a flat distribution of cosθhel, while a background from π
0 has a
peak at cosθhel=1 since π
0 mass is smaller than that of η. Although we do not
explicitly reconstruct η → π+π−π0 decay mode, it is implicitly included in the
final states if there is at most one other pion in the event as shown in Section
5.2.
5.1.5 Ks Selection
We use a Ks selection method based on a neural network technique[61]. The
following variables are used for the input;
• Distance between two helices in z direction
• Flight length in x− y plane
• Angle between Ks momentum and IP direction
• Shorter distance between interaction point and child helix
• Ks momentum in the lab frame
• Pion momentum from the Ks in the Ks frame
• SVD hit
• number of hit of axial wire in the CDC
• number of hit of stereo wire in the CDC.
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The performance is evaluated by MC and the efficiency is 87 % and the purity
is 94 % for whole momentum region. Furthermore, Ks candidates are required
to be |MKs−PDG mass| < 10 MeV/c2(Figure 5.2(c)).
 mass(GeV)0π



























































Figure 5.2: Mass distribution(Blue line shows correctly reconstructed particles,
based on truth information.):Large tails at low side in π0 and η mass distributions
come from gamma energy resolution in the ECL.
5.2 Xs Reconstruction with a Semi-inclusive
Method
5.2.1 Xs Reconstruction with a Semi-inclusive Method
We use a semi-inclusive method for Xs reconstruction, in which charged and
neutral particles in an event are combined to form a Xs candidate. Ideally, all
Xs final states in Table 4.1 should be reconstructed, however it is impossible
since some decay rates are too small to measure(e.g. modes with ω and η′)
or the reconstruction efficiency is too low due to the high multiplicity in final
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Table 5.1: Reconstructed Xs final states
Mode ID Final state Mode ID Final state Mode ID Final state
1 K+π− 16 Ksπ
+π+π−π0 31 K+ηπ−π0
2 Ksπ
+ 17 K+π0π0 32 Ksηπ
+π0
3 K+π0 18 Ksπ
0π0 33 KKK
4 Ksπ
0 19 K+π−π0π0 34 KKKs
5 K+π+π− 20 Ksπ
+π0π0 35 KKsKs
6 Ksπ
+π− 21 K+π+π−π0π0 36 K+K+K−π−




+π0 23 K+η 38 K+K+K−π0















state(e.g. K5π,K6π) and the amount of background is too large(e.g. modes
with more than three π0s).
It is important for the semi-inclusive method to measure as many modes as
possible in order to minimize the systematic uncertainty from the hadroniza-
tion model in the MC. Similarly, a measure as high Xs mass region as possible,
in which a huge background from low energy photon exists, is also significant
to understand the Xs decay model.
In Table 5.1, reconstructed Xs final states in this analysis are summarized.
Actually, we tried to reconstruct ω modes(Kω, Kωπ, Kω2π), but found their
branching fractions and reconstruction efficiencies were too small to measure.
The total number of final states is 38, which covers 56% Xs final state. As-
suming the isospin asymmetry between KL and Ks and the amount of the KL
mode is same as that of the reconstructed Ks mode, the fraction is 69%, for
example, the amount of KLπ is assumed to be same as that of KSπ.
5.2.2 K4π Category Selection
The K4π final state(Mode ID=13-16) has a large number of signal cross-feed,
which is a background from the signal event by a mis-combination, and back-
ground due to the high multiplicity. To remove such background, additional
selections of momentum in the CM frame are applied. The momentum of the
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fastest π and the second fastest π of 4π are useful for the background rejection.
The selections are as follows.
• p1st∗π > 0.40 GeV/c
• p2nd∗π > 0.25 GeV/c
We adopt the loose selection because the dependence on the hadronization
model is needed to be small.
5.2.3 K2π0 Category Selection
Since K2π0 modes(Mode ID=17-22) have a large number of background orig-
inated from π0 we apply an additional selection of π0 momentum in the CM
frame.
• p1st∗π0 >0.40 GeV/c
• p2nd∗π0 >0.25 GeV/c
5.3 B Meson Reconstruction
We combine the high energy photon candidate and the Xs candidate to form
B meson candidates in the event. Two independent kinematic variables, the
beam energy constrained B meson mass, Mbc, and the energy difference, ∆E,




2)2 − |−→p ∗B/c|2 (5.1)
∆E = E∗B − E∗beam (5.2)




B are the energy and momentum,
respectively, of the B meson candidate in the CM frame. The energy E∗B is





. The momentum p∗B is calculated without using









× (E∗beam − E∗Xs) (5.3)
since the Xs momentum and the beam energy are determined with substan-
tially better precision than that of the primary photon. The Mbc means a B
meson mass obtained from the beam energy and B meson momentum, and
a signal event has a peak at nominal B meson mass(5.279 GeV/c2). The
∆E means a difference between the beam energy and B meson energy, and
a signal event has a peak at 0 GeV. Finally, we fit the Mbc distribution to
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extract the signal yield. We select events with Mbc >5.24 GeV/c
2 and -
0.15< ∆E <0.08, where for the final states with 2π0 and ηπ0(Mode ID=17-22,
27, 28, 31, 32) which have a huge number of background, ∆E selection is
tightened to −0.10 < ∆E < 0.05 GeV.
Mbc and ∆E distributions are shown in Figure 5.3 and numbers of signal
and background are summarized in Table 5.2. qq BG is a background from
e+e− → qq decay, and BB BG is a background from Υ(4S) → BB decay. As
you can see, a huge background still remains after the event selection, thus











































(b) ∆E distribution(Mode ID=17-22,
27, 28, 31, 32)
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Figure 5.3: ∆E and Mbc distributions after Event selection
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Table 5.2: Number of signal and background after Event selection(MC scaled to









There are three types in the background. First one is the BB background, and
the largest source is B → D(∗)ρ+. Since such background makes a peak in the
signal region, it is necessary to reject as much as possible. This background is
suppressed by a D veto in Section6.1. Second one is the qq background which
is dominant one. This background is suppressed by a event shape in Section
6.2. Last one is the cross-feed background which comes from the signal events
by a mis-combination. This background is suppressed by a method in which
a B candidate is selected by requiring a most B meson like one in an event in
Section 6.3.
6.1 BB Background Suppression :D veto
A lot of backgrounds from BB decay remain after the selection as shown in
Table 5.2. The main origin are events with a D(∗) meson, specifically B →
D(∗)ρ+, which has 100 times branching ratio more than that of the signal.
For example, B → Dρ looks like the signal when π0 from the ρ emits a high
energy photon. At first we attempted to veto on the ρ mass to suppress the
BB background, however it is not effective due to the wide ρ mass width.
Therefore, a suppression by D meson mass is applied for the BB background
suppression.
6.1.1 D Meson Candidate Reconstruction and Selection
A D meson candidate is reconstructed as a combination of particles used in
Xs reconstruction, where only combinations with the branching ratio >1% of
D decay are allowed. We adopt a D veto without wrong sign constraint, in
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which a combination is taken as a D candidate even if a sign of particle in D
decay is different from correct one(for example, D+ → K+π+π−) for a stronger
background suppression. D veto without K/π particle ID selection, in which
a combination is taken as a D candidate even if K/π particle ID is wrong, is
also investigated, but it is not effective since a lot of the signal are rejected.
The candidate whose D mass is the closest to the nominal D mass in an event
is selected.
6.1.2 D Mass Veto
The region around the nominal D mass is vetoed. In order to take into account
the mass difference between charged D and neutral D, different veto windows
are applied to the D+ and D0. Since the mass of D candidate with π0 or η
in the children has a tail in the low side the D mass veto window should be
enlarged. For the above reasons, the following 4 different veto windows are
provided.
• D0 without π0/η : 1835< MD0 <1895 MeV/c2
• D+ without π0/η : 1840< MD+ <1900 MeV/c2
• D0 with π0/η: 1800< MD0 <1905 MeV/c2
• D+ with π0/η : 1805< MD+ <1910 MeV/c2
In Figure 6.1, the signal does not have a sharp peak around the nominal
D mass, while the BB background peaks at the D mass at high Xs mass.
Therefore, the veto window should be defined by the D mass and the Xs mass
region. The D veto by the above mass windows are applied only to events
with MXs >2.0 GeV/c
2. Consequently, 90 % of the signal is kept, while the
background is reduces to 23%. We also attempt D veto without MXs >2.0
GeV/c2 and evaluate two veto methods by using a ratio of the signal to the
peaking background as a figure-of-merit. The figure-of-merits of two vetoes
are almost same, however we adopt D veto with MXs >2.0 GeV/c
2 since it
keeps more signal events.
In addition, we attempted to D∗ meson veto, however it was not effective.
Thus, we did not adopt D∗ veto.
6.2 qq Background Suppression
The dominant background comes from e+e− → qq events. The production
cross-section from e+e− collisions at the Υ(4S) resonance receives sizable con-
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(a) Signal(Peak at MXs =0.9 GeV/c
2
comes from events with K∗.)
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Figure 6.1: D mass and Xs mass
tributions other than BB. To separate qq background, additional background
rejection is ensured by exploiting the differences in the ”event shape”. In BB
events both B mesons are produced almost at rest in the Υ(4S) frame. As a
result, the B decay products are distributed isotropically. In contrast, for qq
events, the quarks are produced with a large initial momentum, and yield a
back-to-back fragmentation into two jets of light hadrons. For the same rea-
son in BB events, the angular distribution of decay products from the two B
mesons are uncorrelated, while for qq background a sizable correlation arises,
thus the decay particles from each B candidate tend to align with the direction
of its jet. Information based on the event shape of decay particles are quite
useful for qq background suppression and can be quantified by many different
ways. We adopt the variables in Section 6.2.1.
6.2.1 Variables for qq Background Suppression
In this analysis, we utilize following 10 event shape variables(1)-(4) and adopt
other two variables, flavor tagging variable(5) and likelihood of ∆E(6).
(1) cosθB
(2) Thrust and related variables
– cosθT
– Thrustother−side
(3) Sphericity and related variables
– Sphericity






(4) Likelihood ratio of KSFW
(5) B flavor tagging
(6) likelihood of ∆E
Each variable for qq suppression are described in the following and the
distributions are shown in Figure 6.2.
(1) cosθB The spin-1 Υ(4S) decaying into two spin-0 B mesons results in
a 1-cos2θB angular distribution with respect of the beam axis. On the other
hand, the qq background has a flat cosθB distribution since the background is
randomly reconstructed(Figure 6.2(a)).
(2) Thrust and related variable For a collection of N momenta pi (i=1,
· · · , N), the thrust axis T is defined as the unit vector along which their total





A useful related variable is cosθT , where θT is the angle between the thrust
axis of the momenta of the B candidate decay particles and the thrust axis of
all other particles in the event. For BB event, both B mesons are produced
almost at rest in the Υ(4S) rest frame, so their decay particles are isotropically
distributed, their thrust axes are randomly distributed. Thus the cosθT has
a uniform distribution. In contrast, for qq events, the momenta of particles
follow the direction of the jets in the event and as a consequence |cosθT |
distribution has a strong peak at large values(Figure 6.2(b)). In this analysis,
a thrust(Figure 6.2(c)) calculated by only other-side tracks which are not used
in the signal reconstruction is adopted since a thrust calculated by all tracks
has a correlation with MXs .
(3) Sphericity and related variables Sphericity and thrust are strongly
correlated concepts. For a collection of momenta pi, the sphericity tesor S is
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(j) Likelihood ratio of
KSFW
abs(fq_mdl2)

















(k) B flavor tagging
de_like
















(l) Likelihood of ∆E
Figure 6.2: Input variables for Neurobayes(Black:Signal, Red:qq background),










6.2. QQ BACKGROUND SUPPRESSION 62
(with α, β = x, y, z) and provides a three-dimensional representation of the
spatial distribution of the pi collection. For the isotropic distribution, its three
eigenvalues λk have similar magnitude, while for a planar distribution, one
of the eigenvalues is significantly smaller, with its eigenvector orthogonal to
that plane. For a very directional distribution, the eigenvector oriented in that
preferred direction has an eigenvalue considerably larger than the two others.
Useful quantities derived from the sphericity are the sphericity scalar and the




(λ2 + λ3), (6.3)
where λ2 and λ3 are the 2nd and 3rd largest eigenvalues, respectively. The
values of S close to 1 correspond to very isotropically distributed momentum
collections, while very collimated distributions yield sphericity values close to
zero(Figure 6.2(d)). In addition, aplanarity A, with definition A ≡ 3
2
λ3, is use-
ful. It is constrained to the range 0 ≤ A ≤ 1/2 and measures the transverse
momentum component out of the event plane; a planar event has A ∼ 0 and
an isotropic one A ∼ 1/2(Figure 6.2(e)). In this analysis, a sphericity scalar
calculated by only other-side tracks is adopted for qq suppression because a
sphericity scalar with signal-side tracks has a correlation with MXs . Futher-
more, 4 variables related with sphericity axes are used. The cos(v1-z) is an
angle between 1st sphericity axis of all tracks and z direction(Figure 6.2(f)).
The cos(v1,2,3-v1,2,3) is an angle between 1st, 2nd, 3rd sphericity axes of
signal-side and of other side(Figure 6.2(g), 6.2(h),6.2(i)).
(4) KSFW The KSFW[55](Appendix B) is a Fisher discriminant extended
from the Fox-Wolfram variables using information such as missing mass and
is constructed from 17 variables. We make a Likelihood of KSFW and use a
Likelihood ratio (L =
LSig
LSig+LBg
) for qq suppression(Figure 6.2(j)).
(5) B flavor tagging B flavor tagging[56] of the other-side B meson is use-
ful for the additional background discrimination. The flavor can be determined
from the charge of
1. high-momentum lepton from B0 → Xl+ν decays,
2. kaons, since the majority of them originate from B0 → K+X decays
through the cascade transition b→ c→ s,
3. intermediate momentum leptons from b→ c→ s,
6.2. QQ BACKGROUND SUPPRESSION 63
4.) high momentum pions coming from B0 → D(∗)π+X decays.
5. slow pions from B0 → D∗−X,D∗− → D0π− decays, and
6. Λ baryons from the cascade decays b→ c→ s.
We use two parameters, q and r, as the flavor tagging outputs. The parameter
q is the flavor of the tag-side B. The parameter r is an expected flavor dilution
factor that ranges from zero for no flavor information to unity for unambiguous
flavor assignment. Using a binned multi-dimensional look-up table the signed
probability, q · r, is given by




where N(B0) and N(B0) are the numbers of B0 and B0 in each bin of the look-
up table prepared from a large statistics MC event sample. For the majority of
the qq background events, q·r populates around 0, where the flavor information
is poorly known. On the other hand, a sizable number of B decay events have
q · r ∼ ±1(Figure 6.2(k)).
(6) Likelihood of ∆E ∆E(Equation 5.2) is useful for background suppres-
sion since the distribution of the signal has a peak at 0, while the background
has a flat distribution. However ∆E has a large tail in negative side due to
the shower leakage in the photon reconstruction, especially in modes with π0
or η . Thus, a non-uniform efficiency occurs between modes with/without π0
or η by using the distribution. To escape the non-uniform efficiency, we make
a likelihood of ∆E and provide two different PDFs for modes with/without π0
or η to eliminate a bias in the efficiency(Figure 6.3). We attempted construct-
ing three PDF’s for no π0, 1π0 and 2π0 modes, but made little improvement.
∆E plays an important role in not only the background suppression, but also
Best candidate selection(Section 6.3). In Figure 6.4, ∆E distributions of each
modes are shown. An uneven distribution in Figure 6.2(l) is caused by the
binning of Figure 6.3.
Correlations between the input variables, MXs and Mbc are investigated in
Figure 6.5. Clearly, the correlations are small enough, thus the qq suppression
with these variables have no effect on the shape of MXs and Mbc.
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Figure 6.3: ∆E PDF with/without π0
 E (GeV)∆





















































































































Figure 6.4: ∆E distributions of signal
6.2.2 NeuroBayes Neural Network
For an effective background rejection we combined the above variables us-
ing the NeuroBayes package(NB)[57], which is a highly sophisticated tool for
multivariate analysis based on Bayesian statistics. The advantage of a neural
network technique is to be able to add more variables that may have correla-
tions with existing ones and consider their non-linearly correlations. An auto-
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Figure 6.5: Correlation matrix
mated preprocessing of the input variables is followed by a three-layered(input,
hidden and output layers) neural network is combined with an automated pre-
processing of the input variable. The complex relationships between the input
variables are learnt by using a provided dataset such as simulated data, and
transformed into the output for analyzing the data of interest. The output can
be utilized for classification.
6.2.3 qq Suppression with NeuroBayes
The NB is trained with MC samples. A measurement in low MXs region is
relatively easy because the signal event is enough and the amount of back-
ground event is not large. On the other hand, a measurement in high MXs
region(¿ 2.2 GeV/c2) is difficult due to the low signal statistics and huge back-
ground. Therefore, for the signal and the background training, the events
with 2.2< MXs <2.8 GeV/c
2 in the signal MC and qq background MC sample,
respectively, are used since we need for more events in high MXs region to
suppress the systematic uncertainty. The output of NB is shown in Figure 6.6.
The cut value of the NB output is optimized by significance in 2.2< MXs <2.8
GeV/c2, which is defined as = Nsig/
√
(Nsig+NBG), where Nsig means number
of signal and NBG means number of the signal cross-feed, the qq BG and the
BB BG in 2.2< MXs <2.8 GeV/c
2. In Figure 8.4(b), the significance is plotted
as a function of the cut value of the NB output and the cut value is 0.78 for
the largest significance. As a result, 52 % of the signal keeps, on the other
hand the qq background reduces to 2% in Mbc > 5.27 GeV/c
2 and MXs <2.8
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GeV/c2.
NB output






























(b) Significance at 2.2< MXs < 2.8
GeV/c2 as a function of NB output cut
value
Figure 6.6: NeuroBayes output and Significance
6.3 Best Candidate Selection of B Meson
One inherent problem in the inclusive analysis of B → Xsγ is that we can form
a large number of possible B candidates, actually 6.4 candidates in an event
on average(Mbc >5.24 GeV) before qq suppression in Figure 6.7(a), because
38 modes are reconstructed at the same time. The number of candidates
# of candidates





(a) Number of B candidates per event
Figure 6.7: Number of B candidates per event
depends on the multiplicity in final states, therefore, K4π, K2π2π0 modes have
a large number of candidates. To select ”most B like” candidate, in previous
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analysis[36], the vertex information ofXs was basically used and |∆E| was used
in mode without the vertex information, namely no charged particle mode(e.g.
Ksπ
0γ etc). It has a problem that a difference in the efficiency between modes
occurs, specifically modes with/without vertex information and π0. Therefore,
only ∆E information is used for all modes to escape the non-uniform efficiency.
At first, we evaluated a Best candidate selection(BCS) with a likelihood of ∆E
before the qq background suppression, but the efficiency was low(56 %). In
order to improve it, the BCS is applied after the background suppression to
reduce the multiple-candidate events, and the signal cross-feed is decreased to
19 %. Furthermore, the likelihood of ∆E is added to the variables for the NB
input and the candidate with the largest output of the NB is selected as a B
meson candidate. Finally, the efficiency on the BCS rises to 85 %.
A cut flow is shown in Figure 6.1 from the event selection to the BCS.
A significance is improved from 18 to 58, and a significance in high MXs
region(2.0 < MXs < 2.8 GeV/c
2) is also improved from 4 to 10. Figure 6.8
shows Mbc and MXs distributions after the BCS. The background is reduced
effectively, compared with Figure 5.3. In the high MXs region(> 2.2 GeV/c
2),
however, the amount of the background is still large though the qq background
suppression is optimized to this region.
MXs region is enlarged from 2.05 GeV/c
2 in the previous measurement[36]
to 2.80 GeV/c2 to suppress the systematic uncertainty by understanding a high
MXs region, although a number of background is greatly increased (Figure
6.8(b)). A measurement above 2.8 GeV/c2 is difficult due to the low signal
statistics.
Table 6.1: Cut flow table(MC scaled to data size, Mbc > 5.27GeV, MXs < 2.8GeV)
Event selection D veto qq suppression BCS
Signal 30356 27137 14068 11824
Cross-feed 90940 64938 13096 5563
qq BG 2545069 1837720 42195 15226
BB BG 231770 118749 20023 8976
Significance 17.8 19.0 47.1 58.0
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(a) Mbc at MXs <2.8 GeV/c
2
 mass(GeV)sX
















(b) Xs mass at Mbc >5.27 GeV/c
2. In
MXs distribution, a peak of the BB
background around 1.9 GeV/c2 comes
from events with D meson.
Figure 6.8: Mbc and Xs mass after BCS
6.4 Signal Efficiency
Finally, we fit Mbc distribution to extract the signal yield and calculate the
branching ratio by using a signal efficiency. The signal efficiency obtained from
the MC is 2.14 %. Since the efficiency depends on the particle content of the
final states, this efficiency obtained from the MC is not necessarily correct.
Thus, Xs decay model in the inclusive MC should be calibrated by using the
data. For the calibration on the Xs decay model, the fragmentation study in
data is needed. Therefore, we investigate expected numbers and significances
for each mode in Table 6.2 and show the Mbc distributions in Figure 6.9. In
Table 6.4, the signal efficiencies on each mode are included.
To measure partial branching ratios on MXs , the study on each MXs bin is
needed. Therefore, we investigate expected numbers and significances for each
MXs bin in Table 6.3 by MC and show the Mbc distributions in Figure 6.10
and 6.11. Table 6.5 include signal efficiencies on MXs bins. Figure 6.12 shows
the signal efficiency as a function of MXs .
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Table 6.2: Number of events for each final states (MC scaled to data size, 1.15<
MXs <2.80 GeV/c
2, Mbc > 5.27GeV/c
2)
Mode Definition Mode Signal Cross-feed qq BB Significance
1 Kπ without π0 1,2 2129 217 494 305 38
2 Kπ with π0 3,4 534 95 167 76 18
3 K2π without π0 5,6 1827 734 1830 803 25
4 K2π with π0 7,8 941 640 1393 594 16
5 K3π without π0 9,10 458 682 2441 1514 6.4
6 K3π with π0 11,12 564 774 2317 1227 8.1
7 K4π 13-16 193 988 2993 2681 2.3
8 K2π0 with at most two π 17-22 142 501 1471 754 2.7
9 Kη with at most two π 23-32 236 343 848 457 5.4
10 3K with at most oneπ 33-38 218 186 503 471 5.9
Table 6.3: Number of events for each MXs bin after BCS(MC scaled to data size,
Mbc > 5.27GeV)
MXs bin(GeV) Signal Cross-feed qq BB Significance
0.6-0.7 11 13 44 2 1.3
0.7-0.8 148 41 98 7 8.6
0.8-0.9 2427 81 140 28 47
0.9-1.0 1752 97 167 26 39
1.0-1.1 199 106 197 18 8.7
1.1-1.2 267 147 259 28 10
1.2-1.3 626 200 305 38 18
1.3-1.4 743 249 381 59 20
1.4-1.5 823 302 439 73 20
1.5-1.6 730 360 518 90 18
1.6-1.7 684 424 631 135 16
1.7-1.8 643 481 730 182 14
1.8-1.9 578 509 901 491 12
1.9-2.0 505 530 1019 429 10
2.0-2.1 430 401 920 479 9.1
2.1-2.2 323 363 1017 594 6.7
2.2-2.4 487 618 2311 1726 6.8
2.4-2.6 289 408 2547 2245 3.9
2.6-2.8 161 237 2605 2326 2.2
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(a) Kπ without π0
(GeV)bcM





















(b) Kπ with π0
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(c) K2π without π0
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(d) K2π with π0
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(e) K3π without π0
(GeV)bcM






















(f) K3π with π0
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(h) K2π0 with at most 2π
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Figure 6.9: Mbc distributions for each final state at 1.15< MXs <2.80 GeV/c
2
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(a) 0.6< MXs <0.7 GeV/c
2
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(b) 0.7< MXs <0.8 GeV/c
2
(GeV)bcM



















(c) 0.8< MXs <0.9 GeV/c
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(d) 0.9< MXs <1.0 GeV/c
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(e) 1.0< MXs <1.1 GeV/c
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(f) 1.1< MXs <1.2 GeV/c
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(g) 1.2< MXs <1.3 GeV/c
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(h) 1.3< MXs <1.4 GeV/c
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(i) 1.4< MXs <1.5 GeV/c
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(j) 1.5< MXs <1.6 GeV/c
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(k) 1.6< MXs <1.7 GeV/c
2
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(l) 1.7< MXs <1.8 GeV/c
2
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(m) 1.8< MXs <1.9 GeV/c
2
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(n) 1.9< MXs <2.0 GeV/c
2
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(o) 2.0< MXs <2.1 GeV/c
2
Figure 6.10: Mbc distributions for each MXs bin(0.6< MXs <2.1 GeV/c
2)
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(a) 2.1< MXs <2.2 GeV/c
2
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(b) 2.2< MXs <2.4 GeV/c
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(c) 2.4< MXs <2.6 GeV/c
2
(GeV)bcM

















(d) 2.6< MXs <2.8 GeV/c
2
Figure 6.11: Mbc distributions for each MXs bin(2.1< MXs <2.8 GeV/c
2)
Table 6.4: Signal efficiency on each mode(Mbc > 5.24GeV, 1.15<
MXs <2.80GeV/c
2)
Mode Reconstruction Mode Reconstruction
efficiency(%) efficiency(%)
1 8.84 6 1.74
2 4.33 7 0.83
3 6.42 8 0.52
4 2.86 9 2.35
5 3.74 10 3.43
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Table 6.5: Signal efficiency on each MXs bin
MXs bin(GeV) Signal efficiency(%) MXs bin(GeV) Signal efficiency(%)
0.6-0.7 7.32 1.6-1.7 2.43
0.7-0.8 7.59 1.7-1.8 2.10
0.8-0.9 7.03 1.8-1.9 1.80
0.9-1.0 7.36 1.9-2.0 1.52
1.0-1.1 7.10 2.0-2.1 1.28
1.1-1.2 4.58 2.1-2.2 0.99
1.2-1.3 4.22 2.2-2.4 0.80
1.3-1.4 3.98 2.4-2.6 0.56
1.4-1.5 3.78 2.6-2.8 0.41
1.5-1.6 2.91
Xs mass(GeV)


















Figure 6.12: Signal efficiency function of MXs
Chapter 7
Maximum Likelihood Fit
In this chapter, the procedure to extract the signal event is described. The
signal yield is extracted from Mbc distribution. At first, the unbinned maxi-
mum likelihood fit method is described, and then, PDFs used in the Mbc are
reported. At last, the fit bias is checked.
7.1 Unbinned Maximum Likelihood Fit Method
In the Mbc fit, we use the extended unbinned maximum likelihood fit. In a
assumption, a function P(α, x) reproduce the experimental result x when a
number of x is large enough, where α is a set of the parameters to vary the
shape of P(α, x). A function P(α, x) is a normalized distribution:∫
P(α, x)dx = 1, (7.1)
where P(α, x) is called a probability density function(PDF).
The likelihood function L(α) is the joint probability density of the experi-






where α is fitting parameters. We try to find the most probable value of α as
the solution which gives the maximum value of L(α), varying the value of α.
The signal makes a peak at the nominal B meson mass(5.279 GeV/c2). The
fit region is defined as above 5.24 GeV/c2 in order to determine the background
shape. In the likelihood function, we consider five components, signal, signal
7.2. SIGNAL PDF 75
 (GeV)bcM


















40000  0.020± =  2.370 sigtrα
 0.0000057± =  0.0026353 sigtrσ
 534±Cont =  122247 
 624±Sig =  247653 
 1.0± = -14.91 contc
 0.0000062± =  5.2792576 sigtrm
 0.46± =  3.94 sigtrn
(a) Mbc fit for Dπ data to obtain signal
PDF (Red solid line: Signal, Green solid
line: qq BG, Green dashed line: BB
BG)
 (GeV)bcM



















 670±Sig. =  449878 
 0.30± =  4.72 sigtrn
(b) Mbc fit for signal MC to obtain a tail
parameter
Figure 7.1: Signal PDF
cross-feed, peaking background, non-peaking part from BB background and
non-peaking part from qq background. The fit method is summarized in Table
7.1.
7.2 Signal PDF




















Shape parameters are fixed to the values obtained from B → Dπ data(Figure
7.1(a)), where the shape and yield of BB background PDF are fixed to values
obtained from MC, but the contribution is small enough. The tail parameters
n and α is provided from the signal MC (Figure 7.1(b)) because the tail shape
of Dπ sample does not agree with that of the signal well(Appendix ??. But,
it should not be the large source of the uncertainty since the signal PDF is
determined precisely. The floated parameter in the Mbc fit is the signal yield.
7.3 Signal cross-feed PDF
For the signal cross-feed, we construct a histogram-PDF from the signal MC
samples in Figure 7.2. A fraction of the signal cross-feed to the signal is fixed
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Figure 7.2: Signal cross-feed PDF
to the values obtained from the MC samples since the number of the cross-feed
is directly proportional to that of the signal.
7.4 Peaking background PDF
Gaussian function is adopted to model the peaking background. The shape
parameters and yield are fixed to the values obtained from an anti-π0/η veto
sample. The anti-π0/η veto is defined by requiring the π0/η probabilities
above 0.8. Figure 7.3(a) shows Mbc fit for data in the anti-π
0/η veto region by
a gaussian and ARGUS functions. In Figure 7.3(b), Mbc of BB background
MC in the signal region is fitted by the gaussian and the ARGUS, where the
shape parameters and the yield of the gaussian are fixed to the values obtained
from the Mbc fit in Figure 7.3(a) and the shape parameters and the yield of
the ARGUS are floated. The shape and yield of the peaking background are
in a agreement with them of the signal region.
In addition, the difference on the π0/η veto efficiency in the signal region
between the data and the MC are evaluated. For this study, we use a event
sample with anti-D veto after qq suppression, in other words, events which are
rejected by the D veto. Mbc distribustions of the BB background MC and
data with anti-D veto are shown in Figure 7.4 and fitted to obtain yields of
the peaking background component. As a result, the π0/η veto efficiencies of
the MC and data are 92.8 and 92.7 %, respectively. The MC is in a good
agreement with the data as for the π0/η veto.
Therefore, it is reasonable that the sample with anti-π0/η veto are used to
determine the peaking background PDF.
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 0.00029± =  0.00293 peakσ
 1.1± = -13.48 peakc
 0.00048± =  5.27949 peakmean
 303±nArgus =  63841 
 170±nGauss =  1017 
 0.00070± =  0.44751 
peak
p
(a) Mbc fit for data in anti-π
0/η veto region
to obtain peaking BG PDF(Red solid
line: Peaking component, Red dashed
line: Non-peaking component, Green
dashed line: Signal cross-feed obtained
from signal MC)
 (GeV)bcM




















 1.8±c = -46.17 
 276±num_BB =  76412 
 0.012±p =  0.525 
(b) Mbc fit of BB BG(MC) in signal region
by the peaking BG PDF(Figure 7.3(a))
Figure 7.3: Peaking BG PDF
7.5 PDF for Non-peaking part from BB back-
ground
The non-peaking part fromBB background is modeled by an ARGUS function.


















The endpoint of ARGUS function is fixed to the beam energy E∗beam in the CM
frame and other shape parameters and a yield are floated.
7.6 PDF for Non-peaking part from qq back-
ground
At first, we used a ARGUS PDF for non-peaking parts from BB and qq back-
ground. However, it incurred a negative bias on the signal yield since the
qq background tended to take away the signal yield in the MC study. This
is because a slope of the qq background is steep and not consistent with the
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 0.000058± =  0.003480 peakσ
 0.000071±c = -71.9426187 
 561±num_argus =  219418 
 334±num_gauss =  14892 
(a) BB background MC with anti-D veto
before π0/η veto
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 0.000061± =  0.003523 peakσ
 0.0073±c = -71.89251 
 538±num_argus =  202536 
 318±num_gauss =  13807 
(b) BB background MC with anti-D veto
after π0/η veto
 (GeV)bcM
















 0.000066± =  0.003201 peakσ
 0.43±c = -36.025 
 876±num_argus =  462655 
 566±num_gauss =  15685 
(c) Data with anti-D veto before π0/η veto
 (GeV)bcM
















 0.000066± =  0.003200 peakσ
 0.44±c = -35.348 
 828±num_argus =  426955 
 525±num_gauss =  14563 
(d) Data with anti-D veto after π0/η veto
Figure 7.4: Mbc fit for anti-D veto sample to evaluate the π0/η veto efficiency(Red
solid line: Peaking component, Green line: Non-peaking component)
where a new floated parameter q is introduced to the original one(Equation
7.4) instead of the fixed value 2. The shape and yield are fixed to the values
obtained from off-resonance data in Figure 7.5.
7.7 Mbc fit with MC sample
Figure 7.6 shows the Mbc fit by using the above PDFs with the MC sample.
The signal yield of the fit result is 11426±217(Expected:11878, statistical un-
certainty:1.90%). In Figures 7.7 and 7.8, Mbc fits are performed for each decay
mode and the fit results are summarized in Table 7.2. In Figure 9.5, 9.6 and
9.7,Mbc fits are performed for eachMXs bin and the fit results are summarized
in Table 7.3.
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 1.9±c_offreso =  6.2 
 1.2±new_offreso =  0.1 
 113±num_offreso =  12675 
 0.00012±p_offreso =  0.53188 
Figure 7.5: qq background PDF obtained from off-resonance data
Table 7.1: Fit method
PDF component Function Parameter (fixed/floated)
Signal Crystal Ball Nsig : floated
All shape parameters : fixed
Signal cross-feed(scf) histogram-PDF Nscf/Nsig : fixed
Peaking background Gaussian Npeaking : fixed
All shape parameters : fixed
Non-peaking background Argus NBB : floated
from BB Shape parameters : floated
Endpoint : fixed
Non-peaking background Modified Argus Nqq : fixed
from qq Shape parameters : fixed
Endpoint : fixed
7.8 Fitter check
To investigate a bias for the signal yield, We generate the test event sample
from the PDFs for all components(signal, cross-feed, peaking background, non-
peaking background from BB, and non-peaking background from qq). The
amount of each generated event are also fluctuated according to the Poisson
distribution, where the signal and cross-feed events are generated separately,
thus the fraction of the signal to the cross-feed are also fluctuated. Figure 7.12
shows a pull distribution for total fit. The pull is defined as
Pull =
(# of signal from fit result)− (Expected # of signal)
Error from fit result
. (7.6)
We obtain the pull distribution which has a mean of 0 and sigma of 1. Figure
7.13 and 7.14, 7.15 show pull distributions in each decay mode and MXs bin.
In these distributions, a bias is not appeared and we can confirm the validity
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 567±BB =  55617 
 217±Sig =  11426 
 2.0± = -7.31 BBc
Figure 7.6: Mbc fit(MC)(Red solid line: Signal, Red dashed line: Signal cross-feed,
Green solid line: Peaking BG, , Green dashed line: Non-peaking background from
BB, Cyan dashed line:Non-peaking background from qq)
Table 7.2: Fit result for each final states(MC, 1.15< MXs <2.8 GeV/c
2)
Mode Definition Signal yield
1 Kπ without π0 2212±62
2 Kπ with π0 460±32
3 K2π without π0 1556±74
4 K2π with π0 884±64
5 K3π without π0 396±66
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Table 7.3: Fit result for each each MXs bin(MC)
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400  73±BB =  415 
 62±Sig =  2212 
 28± = -185.2 BBc
(a) Kπ without π0
 (GeV)bcM
















120  47±BB =  145 
 32±Sig =  460 
 45± = -115.2 BBc
(b) Kπ with π0
 (GeV)bcM















500  164±BB =  1450 
 74±Sig =  1556 
 18± = -97.0 BBc
(c) K2π without π0
 (GeV)bcM

















 171±BB =  1439 
 64±Sig =  884 
 18± = -95.9 BBc
(d) K2π with π0
 (GeV)bcM















500  332±BB =  3317 
 66±Sig =  396 
 11± = -37.1 BBc
(e) K3π without π0
 (GeV)bcM















500  289±BB =  4431 
 63±Sig =  457 
 9.3± = -13.58 BBc
(f) K3π with π0
 (GeV)bcM


















 792±BB =  7219 
 59±Sig =  194 
 7.5± = -39.16 BBc
(g) K4π
 (GeV)bcM

















 386±BB =  4512 
 40±Sig =  158 
 9.9± = -0.73 BBc
(h) K2π0 with at most 2π
Figure 7.7: Mbc fit for each final state(MC) at 1.15< MXs <2.80 (Red solid line :
Signal, Red dashed line: Signal cross-feed, Green solid line: Peaking BG)
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200  209±BB =  1157 
 44±Sig =  214 
 22± = -29.2 BBc
(a) Kη
 (GeV)bcM


















 129±BB =  1234 
 38±Sig =  198 
 14± = -49.3 BBc
(b) 3K
Figure 7.8: Mbc fit for each final state(MC) at 1.15< MXs <2.80 GeV/c
2 (Red solid
line : Signal, Red dashed line: Signal cross-feed, Green solid line: Peaking BG)
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14  17±BB =  27 
 4.3±Sig =  8.1 
 0.031± = -2.4485 BBc
(a) 0.6< MXs <0.7 GeV
 (GeV)bcM




















 30±BB =  139 
 17±Sig =  141 
 48± = -1.4 BBc
(b) 0.7< MXs <0.8 GeV
 (GeV)bcM



















 30±BB =  159 
 52±Sig =  2401 
 46± = -1.1 BBc
(c) 0.8< MXs <0.9 GeV
 (GeV)bcM
















 45±BB =  184 
 54±Sig =  1673 
 76± = -82.1 BBc
(d) 0.9< MXs <1.0 GeV
 (GeV)bcM
















60  48±BB =  308 
 21±Sig =  170 
 28± = -20.0 BBc
(e) 1.0< MXs <1.1 GeV
 (GeV)bcM


















80  48±BB =  245 
 21±Sig =  262 
 37± = -0.7 BBc
(f) 1.1< MXs <1.2 GeV
 (GeV)bcM

















 60±BB =  502 
 34±Sig =  521 
 20± = -87.5 BBc
(g) 1.2< MXs <1.3 GeV
 (GeV)bcM



















 72±BB =  567 
 41±Sig =  724 
 29± = -17.1 BBc
(h) 1.3< MXs <1.4 GeV
Figure 7.9: Mbc fit for each MXs bin(0.6-1.4 GeV, MC)
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200  76±BB =  731 
 41±Sig =  855 
 22± = -6.5 BBc
(a) 1.4< MXs <1.5 GeV
 (GeV)bcM



















180  82±BB =  863 
 37±Sig =  655 
 20± = -0.5 BBc
(b) 1.5< MXs <1.6 GeV
 (GeV)bcM





















 98±BB =  1314 
 38±Sig =  630 
 14± = -0.2 BBc
(c) 1.6< MXs <1.7 GeV
 (GeV)bcM




















200  122±BB =  1164 
 43±Sig =  642 
 20± = -6.8 BBc
(d) 1.7< MXs <1.8 GeV
 (GeV)bcM






















240  147±BB =  2058 
 46±Sig =  578 
 12± = -6.1 BBc
(e) 1.8< MXs <1.9 GeV
 (GeV)bcM






















 177±BB =  2650 
 48±Sig =  490 
 9.9± = -26.82 BBc
(f) 1.9< MXs <2.0 GeV
 (GeV)bcM





















220  172±BB =  2783 
 45±Sig =  390 
 8.5± = -34.08 BBc
(g) 2.0< MXs <2.1 GeV
 (GeV)bcM






















240  183±BB =  3346 
 44±Sig =  318 
 8.1± = -7.74 BBc
(h) 2.1< MXs <2.2 GeV
Figure 7.10: Mbc fit for each MXs bin(1.4-2.3 GeV, MC)
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 (GeV)bcM
















 321±BB =  8314 
 68±Sig =  538 
 4.8± = -15.58 BBc
(a) 2.2< MXs <2.3 GeV
 (GeV)bcM
















 363±BB =  9804 
 69±Sig =  331 
 3.8± = -27.47 BBc
(b) 2.4< MXs <2.6 GeV
 (GeV)bcM


















800  464±BB =  14200 
 77±Sig =  113 
 3.2± = -16.32 BBc
(c) 2.6< MXs <2.8 GeV
Figure 7.11: Mbc fit for each MXs bin(2.3-2.8 GeV, MC)
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Constant  1.4±  31.2 
Mean      0.03655± 0.00335 
Sigma     0.0292± 0.9639 
Figure 7.12: Pull distribution for total Mbc fit
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Constant  1.51± 32.83 
Mean      0.03461± -0.09418 
Sigma     0.0278± 0.9287 
(a) Kπ without π0
Pull

















Constant  1.48± 30.06 
Mean      0.0369± -0.0597 
Sigma     0.0327± 0.9666 
(b) Kπ with π0
Pull

















Constant  1.40± 30.09 
Mean      0.03880± -0.02658 
Sigma     0.032± 1.011 
(c) K2π without π0
Pull
















Constant  1.50± 31.51 
Mean      0.0364± -0.0145 
Sigma     0.0322± 0.9764 
(d) K2π with π0
Pull

















Constant  1.52± 32.74 
Mean      0.03401± 0.02624 
Sigma     0.027± 0.913 
(e) K3π without π0
Pull

















Constant  1.4±  29.2 
Mean      0.03787± -0.05808 
Sigma     0.0303± 0.9938 
(f) K3π with π0
Pull
















Constant  1.35± 28.62 
Mean      0.0393± -0.1165 
Sigma     0.032± 1.018 
(g) K4π
Pull
















Constant  1.41± 30.35 
Mean      0.03657± 0.03292 
Sigma     0.0283± 0.9665 
(h) K2π0 with at most 2π
Pull


















Constant  1.47± 31.22 
Mean      0.03648± -0.09135 
Sigma     0.0302± 0.9614 
(i) Kη
Pull


















Constant  1.45± 31.06 
Mean      0.03653± -0.02913 
Sigma     0.0300± 0.9759 
(j) 3K
Figure 7.13: Pull distribution for each mode
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Constant  1.4±  28.9 
Mean      0.03735± 0.02974 
Sigma     0.031± 0.957 
(a) 0.6< MXs <0.7 GeV
Pull

















Constant  1.42± 30.76 
Mean      0.0368± -0.1491 
Sigma     0.029± 0.977 
(b) 0.7< MXs <0.8 GeV
Pull
















Constant  1.38± 29.04 
Mean      0.038444± -0.009064 
Sigma     0.0314± 0.9973 
(c) 0.8< MXs <0.9 GeV
Pull
















Constant  1.52± 31.69 
Mean      0.03625± -0.07179 
Sigma     0.0324± 0.9619 
(d) 0.9< MXs <1.0 GeV
Pull
















Constant  1.40± 30.23 
Mean      0.03821± -0.08783 
Sigma     0.031± 1.005 
(e) 1.0< MXs <1.1 GeV
Pull

















Constant  1.49± 31.14 
Mean      0.0363± -0.0137 
Sigma     0.031± 0.964 
(f) 1.1< MXs <1.2 GeV
Pull


















Constant  1.48± 31.64 
Mean      0.035716± 0.006006 
Sigma     0.0298± 0.9635 
(g) 1.2< MXs <1.3 GeV
Pull

















Constant  1.44± 30.56 
Mean      0.03794± -0.03122 
Sigma     0.033± 1.003 
(h) 1.3< MXs <1.4 GeV
Pull
















Constant  1.45± 30.71 
Mean      0.0368± -0.0522 
Sigma     0.0307± 0.9813 
(i) 1.4< MXs <1.5 GeV
Pull
















Constant  1.57± 30.04 
Mean      0.036654± -0.001162 
Sigma     0.0367± 0.9544 
(j) 1.5< MXs <1.6 GeV
Pull
















Constant  1.41± 29.39 
Mean      0.038067± 0.006571 
Sigma     0.0311± 0.9762 
(k) 1.6< MXs <1.7 GeV
Pull

















Constant  1.42± 31.07 
Mean      0.03617± -0.05337 
Sigma     0.0272± 0.9572 
(l) 1.7< MXs <1.8 GeV
Figure 7.14: Pull distribution for each MXs bin(0.6-1.8 GeV)
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Constant  1.39± 31.39 
Mean      0.04± -0.09 
Sigma     0.0262± 0.9777 
(a) 1.8< MXs <1.9 GeV
Pull


















Constant  1.47± 31.26 
Mean      0.03643± -0.06286 
Sigma     0.0304± 0.9719 
(b) 1.9< MXs <2.0 GeV
Pull
















Constant  1.38± 29.67 
Mean      0.03872± -0.02507 
Sigma     0.032± 1.022 
(c) 2.0< MXs <2.1 GeV
Pull

















Constant  1.46± 30.84 
Mean      0.03628± 0.03257 
Sigma     0.0301± 0.9554 
(d) 2.1< MXs <2.2 GeV
Pull


















Constant  1.35± 28.44 
Mean      0.039328± -0.008489 
Sigma     0.032± 1.011 
(e) 2.2< MXs <2.4 GeV
Pull


















Constant  1.42± 29.58 
Mean      0.0399404± 0.0001222 
Sigma     0.034± 1.003 
(f) 2.4< MXs <2.6 GeV
Pull
















Constant  1.39± 30.34 
Mean      0.0382± -0.0572 
Sigma     0.0±     1 
(g) 2.6< MXs <2.8 GeV
Figure 7.15: Pull distribution for each MXs bin(1.8-2.8 GeV)
Chapter 8
Systematic Uncertainties
In this chapter, we investigate the systematic uncertainties which can be eval-
uated without the data in the signal region.
8.1 Uncertainty in Number of B Mesons
As we discussed in section 4.1.2, the number of BB pairs used in this analysis
is (771.9 ± 10.57) ×106. The relative uncertainty is 1.37 %.
8.2 Detector Response Uncertainties
8.2.1 High-energy Photon Reconstruction
The detection efficiency of high energy photons(with typical energy above Eγ ∼
2 GeV) is measured using radiative Bhabha events : e+e− → e+e−γ[58]. After
requiring exactly two tracks in an event that are identified as an e+e− pair,
the missing energy direction can be computed. The reconstruction efficiency
is estimated from the fraction of events that have a reconstructed photon
matching the magnitude and direction of the missing energy. The recontruction
efficiency in MC agrees with that in data and the systematic uncertainty is 2.00
%. In this analysis, 2.00 % is assigned to the systematics of the high-energy
photon reconstruction efficiency.
8.2.2 Reconstruction of particles from Xs
The reconstruction efficiencies of particles from Xs, charged particles(K
±, π±),
π0, η,Ks are evaluated every final state and summed up with fractions of the
final states.
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⃝ Charged Particle Reconstruction The systematic uncertainty on the
charged particle tracking with high momentum (p > 200 MeV/c) is evaluated
by using the decay chain of D∗ → D0π,D0 → π+π−Ks andKs → π+π−, which
provides a very clean sample with sufficient statistics[59]. The decay can be
reconstructed without actually detecting one of the pions from the Ks decay.
The four-momentum of this pion can be inferred from the kinematic constraints
of the decay chain. The ratio of the yield of such partially reconstructed D∗
to those fully reconstructed with both pions from the Ks detected is the track
reconstruction efficiency. As the result the data-MC ratio for charged-track
reconstruction with high momentum track is (99.87±0.32)%.
The efficiency of low momentum tracks (p < 200 MeV/c) is evaluated by
using the sample of B0 → D∗πs followed by D∗ → D0π, which provides a large
sample of slow pions [64]. The data-MC ratios on efficiency are (102.0±3.48)%
(SVD1) and (98.6±1.36)% (SVD2).
⃝ π0 and η Reconstruction The reconstruction efficiency on π0 and η →
γγ can differ between data and MC mainly for the imperfect modeling of
the material distribution in detector and the photon shower shape. π0 and η
reconstruction efficiency is evaluated by inclusive η decay[63]. The π0 efficiency
is (92.4± 1.42)% and η is (100± 2.00)%. The slow π0 and η(p < 200 MeV/c)
is (102± 3.48)%[SVD1] and (98.6± 1.36)%[SVD2][63].
⃝ Ks Reconstruction In this uncertainty study, a fully reconstructed D∗
decay is used and it provides a clean sample for Ks efficiency[62]. The decay
chain of interest is D∗ → πsD,D0 → Ksπ+π− As a result, the data-MC ratios
on efficiency are (98.96±1.03)% (SVD1) and (98.05±0.49)% (SVD2).
ϵData/ϵMC on the reconstruction efficiency is summarized in Table 8.1. To-
tally, the data-MC ratios on the reconstruction efficiency of particles from Xs
is (97.1±1.29)%.
8.2.3 Kaon and Pion Identification Efficiency
The uncertainty in K and π identification efficiency(Partile ID;PID) is esti-
mated using inclusive D∗ decay sample, D∗+ → D0π+ followed by D0 →
K−π+[65]. Figure 8.1 shows typical curves of the efficiencies and mis-identification
rates for the kaon identification in the barrel region. Discrepancies between
data and MC can be seen, especially in the mis-identification distribution. For
8.3. BACKGROUND SUPPRESSION UNCERTAINTIES 92
each bin, the efficiency and mis-identification rate for K and π is estimated
both for the data and MC. These quantities are provided as a look-up table
and the systematic uncertainty is can be calculated by using the table. In
this analysis, K and π identification efficiencies are calculated every final state
by the table and added with weight of a fraction of the final state after all
selections.
ϵData/ϵMC on the PID efficiency is summarized in Table 8.1. Totally, the
efficiency ratio of data to MC is (96.6 ± 1.79)%.
Figure 8.1: Kaon efficiency
8.3 Background Suppression Uncertainties
8.3.1 D Veto Uncertainty
The D veto uncertainty is evaluated by using a control sample, B → XsJ/ψ
decay followed by J/ψ → ll(l = e, µ).
Reconstruction of B → XsJ/ψ The electron(muon) candidates are re-
quired to have momentum above 0.40(0.80) GeV/c and the electron(muon)
probability more than 0.80(0.97). The electron(muon) pair for J/ψ candidate
must have an invariant mass between 3.02(3.05) and 3.12 (3.12) GeV/c2. The
Xs is reconstructed as same final states in the signal, where the Xs in J/ψXs
has a mass below about 2 GeV/c2 since J/ψ mass is 3.097 GeV/c2. However,
we have to observe the D veto window, MXs > 2.0 GeV/c
2, using J/ψXs sam-
ple. The issue can be resolved through adding a lepton from J/ψ in the Xs
children. If a Xs is charged, a lepton from J/ψ which has a different charge
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Table 8.1: Correction(ϵData/ϵMC) on Reconstruction and K/π PID efficiency
Mode ID Reconstruction PID Mode ID Reconstruction PID
1 0.997±0.007 0.962±0.016 22 0.835±0.045 0.971±0.022
2 0.981±0.009 0.963±0.008 23 0.999±0.023 1.003±0.009
3 0.923±0.017 0.999±0.008 24 0.982±0.026 1±0
4 0.908±0.020 1±0 25 0.997±0.027 0.987±0.020
5 0.996±0.011 0.946±0.026 26 0.981±0.030 0.979±0.010
6 0.979±0.014 0.941±0.018 27 0.923±0.037 1.006±0.010
7 0.921±0.021 0.977±0.018 28 0.908±0.040 1±0
8 0.906±0.024 0.972±0.009 29 0.995±0.033 0.980±0.031
9 0.994±0.016 0.944±0.038 30 0.979±0.034 0.976±0.022
10 0.977±0.018 0.936±0.029 31 0.921±0.041 0.998±0.022
11 0.920±0.026 0.969±0.029 32 0.906±0.044 0.993±0.009
12 0.904±0.029 0.960±0.019 33 0.996±0.010 1.030±0.029
13 0.991±0.022 0.950±0.050 34 0.980±0.012 1.023±0.020
14 0.975±0.024 0.947±0.040 35 0.964±0.015 1.021±0.022
15 0.917±0.032 0.971±0.041 36 0.994±0.014 1.030±0.042
16 0.903±0.034 0.959±0.032 37 0.978±0.017 1.015±0.031






8.3. BACKGROUND SUPPRESSION UNCERTAINTIES 94
from that of the Xs is reconstructed in the Xs children, while if a Xs is neutral,
a lepton with lower energy is reconstructed in Xs children. The lepton added
in the Xs children is treated as a charged pion and another lepton from J/ψ
is treated as a primary photon of the signal. ∆E are required to be between
-0.06(-0.03) and 0.03(0.03) GeV for Xsee(Xsµµ). In Figure 8.2, D mass dis-
tribution of B → XsJ/ψ have a broad peak at nominal D mass region as that
of the signal, therefore B → XsJ/ψ is useful for the control sample of D veto.
Systematic Uncertainty on D veto Mbc distributions before/afterD veto
are shown in Figure 8.3. The efficiencies on MC(ϵMC) and data(ϵdata) are 91.54
% and 90.98 %, respectively. Since the number of XsJ/ψ with MXs >2.0
GeV/c2 is larger than that of Xsγ, the D veto efficiency of XsJ/ψ is lower
than that of Xsγ (97 %). The efficiency discrepancy(ϵdata/ϵMC − 1) on D veto
between the MC and data, which is taken as the systematic uncertainty, is
0.61 %.
8.3.2 qq Background Suppression Uncertainty
The qq suppression uncertainty is evaluated by using a control sample, B →
Dπ decay, which provides a clean sample with sufficient statistics.
Reconstruction of B → Dπ In B → Dπ reconstruction, a pion from B is
treated as the primary photon of the signal. We should note that the charge
of the D is different from that of Xs, for instance, X
0
s decays into K
+π− while
D0 decays into K−π+. Since D does not decay all of the final states in the
signal, only 22 of the 38 signal final states are reconstructed.
There are a few differences on selection of the signal. In the primary
photon(π) selection, the E9/E25 cut and π
0/η vetoes are not applied. In Xs(D)
selection, D veto is not applied and Xs(D) mass is required to be between 1850
and 1880 MeV/c2. ∆E is required to be between -0.03 and 0.03 GeV.
The NB is trained by the method same as B → Xsγ in Section 6.2.2 and
the cut value of the NB output optimized by significance is -0.10 (Figure 8.4).
In Figure 8.5, Mbc distributions of MC and data before/after qq suppression
are shown.
Systematic Uncertainty on qq background suppression The efficien-
cies on MC(ϵMC) and data(ϵdata) are 91.17 % and 88.40 %, respectively. The
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D mass(GeV)


















(a) B → Xsγ
D mass(GeV)

















(b) B → XsJ/ψ
Figure 8.2: D mass distribution in MXs > 2.0 GeV/c
2
 (GeV)bcM




















 288±Sig =  32654 
 2.2± = -62.67 peakc
 1160±nonPeak =  41745 
(a) MC before D veto
 (GeV)bcM

















7000  267±Sig =  29891 
 2.2± = -59.34 peakc
 914±nonPeak =  39478 
(b) MC after D veto
 (GeV)bcM
















6000  248±Sig =  19662 
 1.4± = -52.74 peakc
 1020±nonPeak =  62281 
(c) DATA before D veto
 (GeV)bcM
















 219±Sig =  17888 
 1.9± = -51.77 peakc
 761±nonPeak =  40243 
(d) DATA after D veto
Figure 8.3: Mbc distributions before/after D veto(Red solid line: Signal, Red
dashed line, cross-feed, Green solid line:Peaking background, Green dashed line:Non-
peaking background)
efficiency discrepancy(ϵdata/ϵMC−1) between the MC and data, which is taken
as the systematic uncertainty, is 3.04% .
Since only 22 reconstruction modes are used, we investigate an effect on
the other modes(38-22=17 modes) by using the signal MC. The fraction of the
22 modes is 87 %, which is large enough and the fraction is not changed before
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and after qq suppression. Thus, we conclude that the other modes do not have
a large effect on the efficiency.
8.3.3 Best Candidate Selection(BCS) Uncertainty
The Best candidate selction(BCS) uncertainty is evaluated by using a control
sample, B → XsJ/ψ decay followed by J/ψ → ll(l = e, µ).
Reconstruction of B → XsJ/ψ The reconstruction procedure and selec-
tion are same as them of the D veto uncertainty study(Section 8.3.1). In this
uncertainty study, we use B → XsJ/ψ sample after qq background suppres-
sion, as in the signal. Since a number of qq background in the XsJ/ψ is small
highly, we do not have enough MC sample for NB training. Therefore, qq and
BB background MC samples are used for the training. In a calculation of ∆E
likelihood, which is one of the input variables, two ∆E PDFs for Xsee and
Xsµµ are provided to remove a bias in efficiencies between the two final states.
Systematic uncertainty on BCS Mbc distributions before/after BCS are
shown in Figure 8.6. The efficiencies on MC(ϵMC) and data(ϵdata) are 94.83
% and 95.93 %, respectively. The efficiency discrepancy(ϵdata/ϵMC − 1) on the
BCS between the MC and data, which is taken as the systematic uncertainty,
is 1.16 %.
8.4 Mbc PDF Uncertainties
In study of Mbc PDF uncertainties, the data in the signal region are needed.
We evaluate it after the signal box opening in Section 9.5.3 and 10.4.3.
8.5 Signal Modeling Uncertainties
8.5.1 MXs Shape Uncertainty
In the inclusive signal MC(MXs >1.15 GeV/c
2), the MXs shape is produced
according to the Kagan-Neubert model(KN) [52], which has two parameters,
the b quark mass,mb, and the b quark momentum parameter inB meson, µ
2
π, as
mentioned in Section 4.2.1. Their default values are selected to minimize χ2 to
the Belle’s data as shown in Figure 4.1. The χ2 are calculated in 1.75< E∗γ <2.6
GeV because the region in E∗γ ≤1.75 GeV has large uncertainties and does not
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NB output

































(b) Significance as a function of NB
output cut value
Figure 8.4: NeuroBayes output and Significance(B → Dπ control sample)
 (GeV)bcM

















 1013±Non-peaking =  676938 
 684±Sig =  272423 
 0.33± = -30.325 contc
(a) MC before qq sup.
 (GeV)bcM




















 531±Non-peaking =  162440 
 545±Sig =  248367 
 0.75± = -21.282 contc
(b) MC after qq sup.
 (GeV)bcM
















 964±Non-peaking =  611317 
 654±Sig =  250168 
 0.35± = -28.860 contc
(c) DATA before qq sup.
 (GeV)bcM


















40000  506±Non-peaking =  144213 
 518±Sig =  221154 
 0.81± = -22.679 contc
(d) DATA after qq sup.
Figure 8.5: Mbc distributions before/after qq suppression(Red solid line: Signal,
Red dashed line, cross-feed, Green solid line:Peaking background, Green dashed
line:Non-peaking background)
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 (GeV)bcM


















4000  183±Sig =  20729 
 6.3± = -62.91 peakc
 340±nonPeak =  7183 
(a) MC before BCS
 (GeV)bcM

















3500  168±Sig =  19657 
 6.6± = -62.82 peakc
 225±nonPeak =  5451 
(b) MC after BCS
 (GeV)bcM
















 147±Sig =  12788 
 7.0± = -58.77 peakc
 274±nonPeak =  5514 
(c) DATA before BCS
 (GeV)bcM























 124±Sig =  12267 
 5.9± = -54.24 peakc
 168±nonPeak =  3789 
(d) DATA after BCS
Figure 8.6: Mbc distributions before/after BCS(Red solid line: Signal, Red dashed
line, cross-feed, Green solid line:Peaking background, Green dashed line:Non-
peaking background)
have large differences by changing the parameters, and the region in E∗γ ≥2.6
GeV has an effect of K∗γ. The parameters(mb and µ
2
π) in the KN model are
fluctuated to evaluate the systematic uncertainty in Figure 8.7(a), where the
parameters are fluctuated by
√
χ2 − χ2default = 1, which corresponds to the σ.
The parameter settings are summarized in Table 8.2. Figure 8.7(b) showsMXs
distributions fluctuated the parameters. The signal efficiencies on the KN1-4
models are investigated and the deviations from the default are included in
Table 8.2. The deviations are taken as the systematic uncertainty, (+3.26
-7.96)%.
This uncertainty is large, thus, it may be better to adoptMXs bin analysis,
in which Mbc distributions on each MXs bin are fitted to extract signal yields
and branching ratios on each MXs bin are summed to obtain the total one. In
this method, the large MXs shape uncertainty is avoidable since we use signal
efficiencies in eachMbc bin, where the shape information is not used. However,
the statistical uncertainties for each MXs bin should be large. We discuss this
issue with the partial data in Chapter 9.
We also investigate another model, Dressed Gluon Exponentiation(DGE)[66],
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(a) Photon energy distribution at CM
frame. Plot shows Belle’s result with
Full-inclusive method[67] and a red line
shows the default signal MC. Other
lines are fluctuated to evaluate the sys-
tematic uncertainty
 Mxs (GeV)






















(b) MXs distributions fluctuated along
with the photon shape.
Figure 8.7: Systematics study on MXs shape






χ2 − χ2default Signal Deviation(%)
(GeV/c2) (GeV2) efficiency(%)
Default 4.440 0.750 2.947 　 2.098
KN1 4.440 0.630 4.110 1.08 2.034 -3.04
KN2 4.440 1.000 4.114 1.08 2.131 1.59
KN3 4.480 0.750 4.034 1.04 2.166 3.26
KN4 4.405 0.750 4.082 1.07 1.931 -7.96
which has two parameters, αs(MZ),mb(MS). In Figure 8.8, photon energy dis-
tributions withMXs > 1.15GeV in KN and DGE are shown together with that
of the Belle’s result[67]. DGE distributions in Figure 8.8 have 6 different pa-
rameter sets in Figure 8.9. As shown in Figure 8.8, DGE distributions are
greatly different from it, therefore, we do not use DGE model for the system-
atics study.
8.5.2 Hadronization Model Uncertainty
The fragmentation of the hadronic system in the inclusive region, MXs >1.15
GeV/c2, is modeled in Pythia. The signal efficiency depends on the particle

















Figure 8.8: E∗γ distributions
αs(MZ) mb(MS)
DGE 1 0.1176 4.20
DGE 2 0.1176 4.24
DGE 3 0.1176 4.16
DGE 4 0.1196 4.20
DGE 5 0.1156 4.20
Figure 8.9: Parameter sets in DGE
content of the final states and the uncertainty from the fragmentation model is
large. In the previous Belle analysis[31], it was identified that the fragmenta-
tion in MC was greatly different from that of data. Thus, a calibration on the
hadronization model in the MC is essential for the correct result with smaller
uncertainty. The procedure of the calibration is discussed by using partial
data(140 fb−1) in Chapter 9.
8.5.3 Missing Final States Uncertainty
The fraction of missing final states that is not included in our reconstructed
modes has also a dependence on the breakdown of the Xs decay. Thus, the
differences on this fraction between the MC and the data should be evaluated
as the systematic uncertainty. This study is performed by using the MC after
the calibration on the hadronization model in Section 9.5.2 and 10.4.2.
8.5.4 K∗ −Xs Transition Uncertainty
The position of K∗ −Xs transition in the signal MC is fixed at 1.15 GeV/c2
as mentioned in Section 4.2.1. The position will be fluctuated after the signal
box opening to evaluate the systematic uncertainty.
8.6 Summary of Systematic Uncertainties
The systematic uncertainties until now are summarized in Table 8.3. Blank
spaces in this table are evaluated by using real data later. The uncertainty
from theMXs shape is dominant, thus, it should be suppressed for the precision
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measurement. It can be avoidable by evaluating branching ratios in MXs bins
which are divided finely since the MXs shape information in the MC is not
used. In addition, the uncertainty from the hadronization model is expected
to be large. The uncertainty comes from a difference on the model between the
data and MC. Thus, the hadronization model in the MC should be calibrated
to that of the data. We discuss methods to suppress these uncertainties with
the data in next chapter.
Table 8.3: Systematic uncertainty(%). Blank spaces are evaluated by using real
data later.
Source Uncertainty(%)
Number of BB ± 1.37
Detector response γ detection ± 2.00
Xs particles(K,Ks, π, π
0, η) reconstruction ± 1.29
K/π separation ± 1.79
Background rejection π0 veto ± 0.30
η veto ± 0.60
D veto ± 0.61
qq suppression ± 3.04
Best candidate selection ± 1.16
Mbc PDF Signal PDF
Signal Cross-feed PDF
Peaking Background PDF
Non-peaking part from qq background







The dominant sources of the systematic uncertainty are the signal modeling
in the MC, specifically, the hadronization model in the Xs decay and the MXs
shape. To suppress these uncertainties, we discuss the calibration method on
the hadronization model and Mbc fit procedure with a partial data in this
chapter.
140 fb−1 data which corresponds to one-fifth to the full data and was already
analyzed in CP study of the B → Xsγ at the Belle[31] is used.
Before using data in the signal region, we study BR(B → Dπ) to confirm
a validity on this analysis and obtain a consistent result with the PDG in
Appendix D.
9.1 Signal Yield in 140 fb−1 data
At first, we evaluate the signal yield in the 140 fb−1 data from the Mbc distri-
bution. Figure 9.1(a) shows Mbc distribution in 0.0< MXs <2.8 GeV/c
2 and
the signal yield obtained from the fit is 2557±108.
9.2 Branching Ratio of B → K∗γ
In Figure 9.1(b), Mbc fit in MXs <1.15 GeV/c
2 which corresponds to exclusive
K∗γ region is shown. The fit result is (924±35) and the signal efficiency
obtained from the MC is 6.82 % which is corrected by the reconstruction and
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(c) 1.15< MXs <2.8 GeV/c
2
Figure 9.1: Mbc fit(140 fb−1 data)(Red solid line: Signal, Red dashed line: Sig-
nal cross-feed, Green solid line: Peaking BG, , Green dashed line: Non-peaking
background from BB, Cyan dashed line:Non-peaking background from qq)
where Nsig is the number of the signal, 924±35, NBB = 154.3×106 is the
number of BB pairs in the 140 fb−1 data and ϵ is the signal efficiency. Thus,
the branching ration is
BR(B → K∗γ) = (4.38± 0.17)× 10−5, (9.2)
where the uncertainty is only statistical one. According to the PDG,
• BR(B+ → K∗+γ) = (4.21±0.18)×10−5
• BR(B0 → K∗0γ) = (4.33±0.15)×10−5.
Thus,
BR(B → K∗γ) = (4.21± 0.18)× 10−5 × 0.513 (Υ(4S) → B+B−)
+ (4.33± 0.15)× 10−5 × 0.487 (Υ(4S) → B0B0)
= (4.26± 0.17)× 10−5. (9.3)
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We can obtain the branching ratio of the B → K∗γ which is consistent with
the PDG value within 0.5σ and confirm a validity on our measurement.
9.3 Calibration on Hadronization Model
The final result depends on the contents in the final states, thus, the hadroniza-
tion model(Section 4.2) in the inclusive MC is calibrated to data’s one. Here,
we investigate a procedure and precision for the calibration on the hadroniza-
tion model in the inclusive signal MC with the 140 fb−1 data.
Ten groups of final states we compare data and the MC are given in Table
9.1. In Figure 9.2 and 9.3, Mbc distributions of each mode are shown. The
fit results are summarized in Table 9.1, where efficiencies corrected by the
reconstruction and PID efficiencies are used to calculate branching ratios. The
statistical uncertainty in fitting each mode in data is used for the uncertainty on
the fraction. Actually, we measure the branching ration in MXs <2.8 GeV/c
2,
thus, fractions should be obtained in the same region. But, the fractions in
Table 9.1 are them in MXs <2.4 GeV/c
2 since the signal statistics and the
signal to the background ratio in MXs <2.8 GeV/c
2 are low, especially K4π
and K2π0 modes.
Table 9.1: Fit result for each final states(140 fb−1 data, 1.15< MXs <2.4 GeV/c
2)
Mode Definition Signal yield BR(10−6) Fraction(%)
1 Kπ without π0 211±23 7.72±0.84 5.06±0.89
2 Kπ with π0 37±13 2.88±1.01 2.53±0.44
3 K2π without π0 483±38 24.3±1.91 17.4±1.37
4 K2π with π0 372±29 44.2±3.44 31.6±2.47
5 K3π without π0 117±27 9.61±2.66 7.00±1.62
6 K3π with π0 110±29 21.2±5.60 15.2±4.01
7 K4π 43±14 15.9±3.40 11.6±3.80
8 2π0 6±20 4.06±13.5 2.91±9.70
9 Kη 50±17 6.53±2.22 4.68±1.59
10 3K 35±11 2.70±0.85 1.93±0.61
In Table 9.2, the fractions in the MC are compared to them of the 140 fb−1
data.The MC has much higher fractions of Kπ and smaller fractions of K2π
than them of the data. To calibrate the fractions of the MC, parameters on the
hadronization model in Pythia are investigated and we identify the following
parameters which have the large impact on the breakdown of final states;
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• PARJ(2) : (D=0.30) is the suppression of s quark pair production in the
field compared with u or d quark pair production,
• PARJ(11) : (D=0.50) is the probability that a light meson(containing u
and d quarks only) has spin 1,
• PARJ(15) : (D=0.05) is the probability that a spin = 1 meson is pro-
duced with an orbital angular momentum 1, for a total spin=1,
• PARJ(25) : (D=1.0) is the extra suppression factor for η production in
fragmentation,
where D means a default value in the Belle. We try to tune these parameters
and are able to correct the signal MC in Table 9.2, where PARJ(2)=0.10,
PARJ(11)=0.95, PARJ(15)=0.25, PARJ(25)=0.03. Numbers in () in this table
are deviations from the data, defined as (Difference from data)/(Error of the
fraction). Total χ2 is improved from 185 to 22 by this calibration. Next,
Table 9.2: Fractions(%) on each mode in the 140 fb−1 data and the MC. Number
in () is a deviation to that of the data, defined as ([Fraction in MC]-[Fraction in
data])/σdata.
Mode Fraction in Data Fraction in MC Fraction in MC
before calibration after calibration
1 5.06±0.89 11.7 (+7.5) 4.76 (-0.3)
2 2.53±0.44 6.16 (+8.2) 2.44 (+0.5)
3 17.4±1.37 13.6 (-2.8) 14.7 (-2.0)
4 31.6±2.47 16.0 (-6.3) 22.4 (-3.7)
5 7.00±1.62 5.66 (-0.8) 5.98 (-0.6)
6 15.2±4.01 15.5 (+0.1) 21.5 (+1.6)
7 11.6±3.80 10.5 (-0.3) 9.36 (-0.6)
8 2.91±9.70 7.72 (+0.5) 7.72 (+0.5)
9 4.68±1.59 4.84 (+0.1) 4.90 (+0.1)
10 1.93±0.61 2.63 (-0.7) 1.76 (-1.3)
we investigate fractions of modes in three MXs regions, 1.15< MXs <1.5,
1.5< MXs <2.0 and 2.0< MXs <2.4 GeV/c
2, in Table 9.3. The most fractions
in the MC are consistent with them of the data within 2σ. This fact means
that the modeling by Pythia and the fractions in total MXs region is effective
from the point of view of hadronization models in each MXs region. However,
the fractions of Kπ(Mode=1, 2) in 1.15< MXs <1.5 GeV/c
2 and K3π without
π0(Mode 5) in 1.5< MXs <2.0 GeV/c
2 have deviations more than 2σ, and
these effects are included in the systematic uncertainty in Section 9.5. Figure
9.4 shows the hadronization model of the data in the three regions.
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We conclude the calibration method by the parameters in Pythia works
well.
Table 9.3: Fractions(%) on each mode in each MXs region(140 fb
−1 data)
1.15< MXs <1.5 GeV/c
2 1.5< MXs <2.0 GeV/c
2
Mode Data MC Mode Data MC
1 9.51±1.42 14.5 (+3.6) 1 2.21±0.97 2.91 (+0.7)
2 4.75±0.71 7.50 (+3.9) 2 1.11±0.48 1.49 (+0.7)
3 23.4±2.03 21.6 (-0.9) 3 16.3±2.11 15.0 (-0.6)
4 43.3±3.70 36.5 (-1.8) 4 27.7±3.10 22.0 (-1.8)
5 0.90±0.60 0.95 (-0.1) 5 13.7±2.73 6.58 (-2.6)
6 11.8±6.80 14.9 (-0.5) 6 20.1±4.35 23.7 (-0.8)
7 -1.00±1.00 0.52 (+1.5) 7 15.9±4.60 8.35 (-1.6)
8 5.81±3.32 1.85 (-1.2) 8 -5.14±14.4 8.20 (-0.9)
9 1.53±1.31 0.93 (-0.5) 9 5.84±3.21 5.78 (+0.0)
10 0.00±0.00 0.01 (+0.0) 10 2.33±0.71 1.29 (-1.5)
2.0< MXs <2.4 GeV/c
2
Mode Data MC
1 1.51±1.15 2.91 (-0.3)
2 0.75±0.58 1.49 (-0.3)
3 10.6±3.87 15.0 (-0.3)
4 10.9±6.96 22.0 (+0.4)
5 4.30±6.45 6.58 (+0.6)
6 17.6±14.1 23.7 (+0.4)
7 36.4±18.2 8.35 (-1.1)
8 0.00±46.3 8.20 (+0.2)
9 15.9±9.74 5.78 (-1.0)
10 1.96±2.94 1.29 (-0.2)
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(h) K2π0 with at most 2π
Figure 9.2: Mbc fit for each final state(140 fb−1 data) at 1.15< MXs <2.40 (Red
solid line : Signal, Red dashed line: Signal cross-feed, Green solid line: Peaking BG)
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Figure 9.3: Mbc fit for each final state(140 fb−1 data) at 1.15< MXs <2.40 GeV/c
2
(Red solid line : Signal, Red dashed line: Signal cross-feed, Green solid line: Peaking
BG)
 mass(GeV)sX

















0π w/  πK3
0π w/o πK2
0π w/  πK2
0π w/o πK
0π w/  πK
Figure 9.4: Fractions on each mode in each MXs region(140 fb
−1 data)
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9.4 Branching Ratio
We use two methods to obtain the branching ratio, the total MXs region fit
and MXs bin fit.
9.4.1 Total MXs region fit
A signal efficiency in 0.0< MXs <2.8 GeV/c
2 obtained from the calibrated MC
is 2.08 %. It should be corrected by the reconstruction and PID efficiencies in
Table 8.1, and results 1.95 %. The branching ratio BR is calculated by using
Equation 9.1, where Nsig is the number of the signal, 2557±107 in Figure
9.1(a), NBB = 154.3×106 is the number of BB pairs in the 140 fb−1 data and
ϵ is the signal efficiency. Thus, the branching ratio is
BR(B → Xsγ) = (4.25± 0.18)× 10−4, (9.4)
where the uncertainty is only statistical one. The fraction ofMXs <2.8 GeV/c
2
is 86.9% which is obtained from the MC. Thus, we can obtain
BR(B → Xsγ) = (3.69± 0.16)× 10−4(MXs < 2.8GeV/c2), (9.5)
Usually, we compare the experimental result in photon energy in the B rest
frame above 1.6 GeV with the theoretical prediction. Therefore, the result in
Equation 9.5 should be extrapolated to Eγ >1.6 GeV. We use a following ex-
trapolation factor on the photon energy spectrum in the standard method[69],
in which the factors are calculated by results of the Belle, BaBar, CDF, CLEO




= 0.936± 0.010. (9.6)
Thus, at first, the result is interpolated to Eγ >1.9 GeV from MXs <2.8
GeV/c2 by a factor, 0.998, obtained from the MC. Next, the branching ratio
of the (B → Xsγ) at Eγ >1.6 GeV is calculated as
BR(B → Xsγ) = (3.69± 0.16)× 10−4 × 0.998/0.936
= (3.93± 0.17)× 10−4(Eγ > 1.6GeV). (9.7)
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This result is consistent with the world average by the HFAG, (3.55±0.26),
within 1.2σ.
9.4.2 MXs bin fit
Next, we evaluate branching ratios on each MXs bin and sum them to obtain
the total branching ratio. Figure 9.5, 9.6 and 9.7 show Mbc distributions on
each MXs bin. Signal efficiencies on each MXs bin obtained from calibrated
MC are summarized in Table 9.4 and the partial branching ratios are also
shown in Table 9.4.The sum of the partial branching ratio is (3.00±0.38)×10−4.
To calculate branching ratio in Eγ >1.6 GeV, we use the same extrapolation
method in Equation 9.7. As a result, the extrapolated one is calculated as
BR(B → Xsγ) = (3.00± 0.38)× 10−4 × 0.998/0.936
= (3.20± 0.40)× 10−4(Eγ > 1.6GeV). (9.8)
This result is consistent with the world average by the HFAG, (3.55±0.26),
within 0.7σ.
9.4.3 Comparison between two methods
The difference on the results on the branching ratio between the total MXs
region fit in Equation 9.7 and theMXs bin fit in Equation 9.8 is large and seems
to come from theMXs distribution. TheMXs distributions of the data and the
MC are shown in Figure 9.8 and the shape of the MC in 1.2< MXs <1.5 GeV/c
2
does not match that of the data well. These partial branching ratios in the data
are consistent with the BaBar’s result[70], thus, the MC’s distribution is seems
to be wrong. We produced theMXs distribution in the MC which is consistent
with the Eγ distribution at CM frame in the full-inclusive analysis at the Belle
in Section 4.2. But, the Eγ distribution has a wide width in 1.2< MXs <1.5
GeV/c2 by the B meson momentum in Figure 4.1(b). Therefore, we conclude
it is difficult to reproduceMXs shape in the MC and theMXs bin fit is adopted.
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(h) 1.3< MXs <1.4 GeV
Figure 9.5: Mbc fit for each MXs bin(0.6-1.4 GeV, 140 fb
−1 data)
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(h) 2.1< MXs <2.2 GeV
Figure 9.6: Mbc fit for each MXs bin(1.4-2.2 GeV, 140 fb
−1 data)
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(c) 2.6< MXs <2.8 GeV
Figure 9.7: Mbc fit for each MXs bin(2.2-2.8 GeV, 140 fb
−1 data)
9.5 Systematic Uncertainties
9.5.1 Hadronization Model Uncertainty
To evaluate the systematic uncertainty, the fractions of the modes are fluctu-
ated by ±1σ. Since it is difficult to realize the fluctuation by parameters in
Pythia, we generate reweighted samples on the fractions by removing events of
specific modes . The result is summarized in Table 9.5, where the deviation on
the efficiency from the default MC is assigned to the systematic uncertainty.
Total uncertainty is 12.1 %.
In addition, we evaluate the deviations more than 2σ in Kπ with and
without π0(Mode 1 and 2) in 1.15< MXs <1.5 GeV/c
2, and K3π without
π0(Mode 5) in 1.5< MXs <2.0 GeV/c
2. To take into account the deviations as
the systematic uncertainty, we generate samples reweighted to these fractions
in the data and check differences on the signal efficiencies. The results are
reported in Table 9.6, which are included in the systematic uncertainty on the
hadronization model. The total uncertainty is 2.34 %.
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Table 9.4: The partial branching ratio on MXs(140 fb
−1 data)
MXs bin(GeV/c
2) Yield Efficiency(%) BR(10−6)
0.6-0.7 -3±5 6.96 -0.1±0.2
0.7-0.8 -4±6 7.19 -0.2±0.3
0.8-0.9 441±24 6.65 21.4±1.2
0.9-1.0 387±21 6.98 17.9±1.0
1.0-1.1 71±10 6.72 3.4±0.5
1.1-1.2 82±11 4.51 5.9±0.8
1.2-1.3 208±20 3.64 18.5±1.8
1.3-1.4 218±18 3.29 21.5±1.8
1.4-1.5 221±18 3.38 21.2±1.8
1.5-1.6 151±21 2.50 19.5±2.7
1.6-1.7 124±20 2.21 18.5±2.9
1.7-1.8 100±23 1.84 17.6±4.0
1.8-1.9 135±23 1.67 26.2±4.5
1.9-2.0 89±24 1.42 20.3±5.5
2.0-2.1 73±24 1.17 20.2±6.6
2.1-2.2 78±20 0.94 26.9±6.9
2.2-2.4 76±34 0.78 31.4±14
2.4-2.6 91±35 0.58 50.8±20
2.6-2.8 -54±34 0.43 -41.0±26
Total 300±38
9.5.2 Missing Mode Uncertainty
We have to consider an uncertainty from missing modes which are not recon-
structed in this analysis. The fraction of the reconstructed modes in the MC
after the calibration is 84.4 % (1.15< MXs <2.4 GeV/c
2), where fractions of
the KL modes which corresponds to the reconstructed Ks modes are included
in this value. In order to evaluate the uncertainty, the parameters in Pythia
are shifted within parameter region which is consistent with the model of the
data. 7 examples of the parameter settings are shown in Table 9.7. The max-
imum and minimum of the fraction of the reconstructed mode are 86.8 and
81.1, respectively. Therefore, the differences from that of the calibrated MC
are (86.8-84.4)/84.4 = +2.84 % and (81.1-84.4)/84.4 = -3.91 %, respectively.
The uncertainty is needed in MXs >1.15 GeV/c
2, thus, the fraction is con-
sidered. As a result, we assign ±3.36 % as the systematic uncertainty on the
missing modes. In MXs bin analysis, the uncertainties of the missing mode on
each MXs bin are needed. Therefore, the fraction of the reconstructed mode
in every mass bin are investigated and the maximum and minimum values are
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Table 9.5: Systematic uncertainty(%) on hadronization model(140 fb−1 data).
MXs bin Fluctuated mode
(GeV/c2) 1 2 3 4 5 6 7 8 9 10 Total
1.1-1.2 6.26 2.88 2.23 2.73 3.64 4.01 1.40 3.09 2.57 1.41 10.5
1.2-1.3 2.29 1.18 0.73 1.28 2.44 1.47 3.20 1.89 1.90 2.10 6.23
1.3-1.4 1.68 1.80 2.74 1.51 0.62 2.74 0.65 3.07 1.23 1.12 6.54
1.4-1.5 4.59 2.87 2.69 2.35 1.36 4.66 1.93 3.74 4.40 3.76 10.7
1.5-1.6 1.13 0.91 2.49 2.54 0.48 3.43 2.07 1.82 3.05 4.36 8.03
1.6-1.7 2.56 3.49 3.74 3.93 3.38 1.88 1.09 3.37 4.78 3.28 10.5
1.7-1.8 3.00 0.27 3.30 3.38 3.17 2.45 1.10 2.77 3.22 4.58 9.16
1.8-1.9 1.27 2.16 2.22 2.22 2.97 3.64 3.42 5.70 3.85 2.00 10.4
1.9-2.0 4.50 3.50 6.90 6.90 4.09 4.71 2.18 6.22 6.22 5.96 16.2
2.0-2.1 1.90 2.00 2.37 1.82 2.67 3.73 2.87 4.81 3.66 0.88 9.14
2.1-2.2 2.35 1.65 2.66 3.18 1.16 3.06 2.51 8.56 1.86 2.13 12.1
2.2-2.4 7.27 6.71 9.09 6.90 9.37 11.6 6.53 7.69 9.22 6.27 26.5
2.4-2.6 8.56 9.49 5.64 8.63 7.98 7.79 8.86 9.36 9.21 8.12 26.7
2.6-2.8 11.4 12.7 9.41 15.6 13.1 11.1 10.4 11.2 12.8 11.4 27.6
Total 4.27 3.86 4.53 4.87 5.24 3.75 3.80 5.49 4.41 3.64 12.1
Table 9.6: Systematic uncertainty(%) on hadronization model 2(140 fb−1 data).
MXs bin Reweighted mode
(GeV/c2) 1 2 5 Total
1.1-1.2 9.44 9.86 13.7
1.2-1.3 2.08 0.53 2.15
1.3-1.4 4.32 4.89 6.53






Total 1.07 0.91 1.86 2.34
reported in Table 9.8, which are assigned to the systematic uncertainty for
each MXs bin.
9.5.3 Mbc PDF
⃝ Signal PDF The signal shape parameters in the signal PDF are fixed
by values obtained from a B → Dπ data sample. To evaluate the uncertainty,
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Table 9.7: Fractions(%) of reconstructed and missing modes. In calculation of the
fraction of Reco mode, the KL modes are taken into account. PARJ(12) (D=0.6) is
the probability that a strange meson has spin 1.
Mode calibrated MC 1 2 3 4 5 6 7
PARJ(2)=0.10 0.30 0.10 0.10 0.10 0.10 0.10 0.15
PARJ(11)=0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
PARJ(15)=0.25 0.05 0.05 0.30 0.30 0.30 0.40 0.40
PARJ(25)=0.03 1.00 1.00 1.00 0.03 0.03 0.03 0.03
PARJ(12)=0.60 0.60 0.60 0.60 0.60 0.70 0.70 0.70
1 4.76 4.20 4.24 4.88 5.05 4.19 6.43 6.81
2 2.44 2.18 2.15 2.49 2.60 2.13 3.33 3.48
3 14.7 13.0 13.4 14.7 14.9 11.2 14.6 14.8
4 22.4 22.3 23.1 21.6 19.7 15.4 25.3 23.2
5 5.98 6.01 6.30 5.82 6.68 8.64 3.68 4.50
6 21.5 24.1 24.6 20.6 20.3 25.4 20.5 19.6
7 9.36 9.54 10.1 9.21 9.43 11.8 7.96 8.73
8 12.2 7.68 8.33 7.48 7.89 10.7 5.58 6.52
9 4.90 3.04 1.97 7.00 6.77 2.06 4.62 5.86
10 1.76 2.27 0.90 1.05 1.06 1.80 2.67 1.50
Reco 84.4 84.7 86.8 82.8 81.2 86.4 81.1 82.1
mode
Missing 15.6 15.3 13.2 17.2 18.8 13.6 18.9 17.9
mode




2) Default Maximum Minimum Systematics(%)
1.1-1.2 0.996 0.996 0.926 +0.00 -7.08
1.2-1.3 0.992 0.992 0.945 +0.00 -4.71
1.3-1.4 0.980 0.980 0.956 +0.00 -2.45
1.4-1.5 0.968 0.975 0.956 +0.68 -1.29
1.5-1.6 0.923 0.952 0.898 +3.10 -2.74
1.6-1.7 0.918 0.949 0.890 +3.39 -3.06
1.7-1.8 0.914 0.946 0.888 +3.50 -2.88
1.8-1.9 0.891 0.924 0.856 +3.61 -3.96
1.9-2.0 0.850 0.890 0.810 +4.67 -4.75
2.0-2.1 0.798 0.831 0.760 +4.10 -4.75
2.1-2.2 0.742 0.775 0.695 +4.45 -6.26
2.2-2.4 0.661 0.686 0.618 +3.75 -6.52
2.4-2.6 0.548 0.557 0.509 +1.68 -7.06
2.6-2.8 0.456 0.456 0.424 +0.00 -7.08
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the shape parameters of the PDF are fluctuated according to the Gaussian
distribution whose width is the statistical error of the Dπ sample and 500
times of the fits are performed to extract signal yield from data. The width of
the yield distribution is taken as the systematic uncertainty and the result is
summarized in Table 9.9.
⃝ Signal Cross-feed PDF The histogram PDF of the signal cross-feed is
obtained from the signal MC sample. To evaluate the uncertainty, the entries
in the bins are fluctuated according to the Gaussian distribution whose widths
are the statistical errors of each bin in data. The ratio of the cross-feed to the
signal is fixed in the fit and is also fluctuated in a statistical uncertainty of
the cross-feed in data. 500 times such fits are repeated to extract the signal
yield from data. The width of the yield distribution is taken as the systematic
uncertainty. The result is reported in Table 9.9.
⃝ Peaking Background PDF The shape parameters and the yield of the
peaking background, which are obtained from anti-π0/η veto data sample,
are fixed in the Mbc distribution fit. To evaluate the uncertainty, they are
fluctuated according to the Gaussian distribution whose width is the statistical
error of the anti-π0/η veto data sample. 500 times such fits are repeated to
extract the signal yield from data. The width of the yield distribution is taken
as the systematic uncertainty. The result is summarized in Table 9.9.
⃝ PDF for Non-Peaking part from qq background The shape pa-
rameters and the yield of the peaking part from qq background, which are
obtained from the off-resonance data sample which is collected at energy be-
low 60 MeV from Υ(4S) resonance, are fixed in the Mbc fit. To evaluate the
uncertainty, they are fluctuated according to the Gaussian distribution whose
width is the statistical error. 500 times fits are repeated to extract the signal
yield from data. The width of the yield distribution is taken as the systematic
uncertainty. The result is reported in Table 9.9.
9.5.4 K∗ −Xs transition position
In the signal MC, the exclusive K∗γ and the inclusive Xsγ MC are included,
and the transition position is fixed at 1.15 GeV/c2. In MXs distribution in
data(Figure 9.8), we can see a rising from the non-resonance modes in 1.2
GeV/c2 at least. Thus, the position is fluctuated by ±50 MeV to evaluate the
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Table 9.9: Systematic uncertainties(%) on Mbc PDF(140 fb−1 data).
MXs bin Signal Cross- Peaking BG qq BG Total
(GeV/c2) feed 　　
0.6-0.7 0.00 0.00 0.00 0.00 0.00
0.7-0.8 0.00 0.00 0.00 0.00 0.00
0.8-0.9 0.09 0.86 0.86 0.05 1.22
0.9-1.0 0.31 1.13 0.64 0.05 1.34
1.0-1.1 0.51 6.96 2.04 0.00 7.27
1.1-1.2 0.73 8.10 2.35 0.37 8.47
1.2-1.3 0.17 3.52 1.20 0.05 3.73
1.3-1.4 0.15 3.72 1.04 0.05 3.87
1.4-1.5 0.16 2.74 0.14 0.27 2.76
1.5-1.6 0.09 5.70 0.13 0.13 5.70
1.6-1.7 0.48 5.78 3.01 0.48 6.55
1.7-1.8 0.10 10.2 2.94 0.30 10.6
1.8-1.9 0.57 6.43 6.01 0.33 9.47
1.9-2.0 0.11 11.1 6.11 0.22 12.7
2.0-2.1 0.14 15.5 1.89 0.82 15.6
2.1-2.2 0.31 14.4 5.72 0.38 15.5
2.2-2.4 0.43 18.7 10.1 0.26 21.4
2.4-2.6 0.14 22.4 12.5 0.33 25.7
2.6-2.8 0.00 0.00 0.00 0.00 0.00
uncertainty to the efficiency in 1.1< MXs <1.2 GeV/c
2. The signal efficiencies
on the transition position at 1.1 and 1.2 GeV are 4.50 and 6.29 %, respec-
tively(defalut:4.79%). The deviations are -6.10 and +31.4 %, and are included
in the systematic uncertainty on the hadronization model in 1.1< MXs <1.2
GeV/c2.
9.5.5 Extrapolation factor to Eγ >1.6 GeV
The systematic uncertainty in the extrapolation factor to Eγ(B rest frame)>1.6
GeV is evaluated.
At first, the MXs shape is fluctuated according to the method in Section
8.5.1 to estimate the interpolation uncertainty to Eγ >1.9 GeV fromMXs <2.8
GeV/c2. We obtain the factors of 0.998, 0.996, 0.998, and 0.998 for KN1, 2,
3, 4 parameter settings, respectively. We assign ±0.19 % to the systematic
uncertainty.
As for the extrapolation factor to Eγ >1.6 GeV from Eγ >1.9 GeV, we use
the uncertainty in this reference[69], 0.936±0.010.
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9.5.6 Summary of Systematic Uncertainty
Systematic uncertainties in each MXs mass bin are summarized in Table 9.11.
Total systematic uncertainty is reported in Table 9.10.
Table 9.10: Systematic uncertainty(%) (140 fb−1 data)








Table 9.11: Systematic uncertainties(%) in every MXs mass bin(140 fb
−1 data).
MXs bin # of BB Detector Background Mbc Hadronization Missing mode Total
(GeV/c2) response rejection PDF
0.6-0.7 1.37 2.68 3.38 0.00 - - 4.52
0.7-0.8 1.37 2.59 3.38 0.00 - - 4.47
0.8-0.9 1.37 2.57 3.38 1.22 - - 4.99
0.9-1.0 1.37 2.58 3.38 1.34 - - 5.16
1.0-1.1 1.37 2.57 3.38 7.27 - - 15.7
1.1-1.2 1.37 2.99 3.38 8.47 35.9 7.07 38.8
1.2-1.3 1.37 3.15 3.38 3.73 6.59 4.71 10.5
1.3-1.4 1.37 3.17 3.38 3.87 9.24 2.45 11.5
1.4-1.5 1.37 3.10 3.38 2.76 13.3 1.29 14.7
1.5-1.6 1.37 3.34 3.38 5.70 8.07 3.10 11.3
1.6-1.7 1.37 3.49 3.38 6.55 10.5 3.39 13.7
1.7-1.8 1.37 3.59 3.38 10.6 11.7 3.50 15.5
1.8-1.9 1.37 3.69 3.38 9.47 13.6 3.96 16.2
1.9-2.0 1.37 3.74 3.38 12.7 18.6 4.75 22.4
2.0-2.1 1.37 3.78 3.38 15.6 9.14 4.75 14.5
2.1-2.2 1.37 3.78 3.38 15.5 12.1 6.26 16.7
2.2-2.4 1.37 3.77 3.38 21.2 26.5 6.52 30.6
2.4-2.6 1.37 3.79 3.38 25.7 26.7 7.06 38.1
2.6-2.8 1.37 3.82 3.38 0.00 37.6 7.08 38.6
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9.6 Results of 140 fb−1 data
By using the 140 fb−1 data, we evaluate the precision on Mbc fit in total Mbc
region and each Mbc bin, and the Mbc bin fit is adopted. The calibration on
the hadronization model by Pythia is performed and we found it worked well.
The partial branching ratios on the MXs is summarized in Table 9.12. The
total branching ratio in MXs <2.8 GeV/c
2 with 140 fb−1 data is
BR(B → Xsγ) = (3.00± 0.38± 0.43)× 10−4(MXs < 2.8GeV/c2).(9.9)
The extrapolated one to Eγ(B rest frame)>1.6 GeV is
BR(B → Xsγ) = (3.20± 0.40± 0.46)× 10−4(Eγ > 1.6GeV), (9.10)
where the extrapolation factor of the systematic uncertainty is added.
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Figure 9.8: Partial branching fraction(140 fb−1 data). The first solid error is the




In this chapter, we obtain the branching ratio of B → Xsγ with the Belle’s full
data. Before evaluating the total branching ratio, we discuss the calibration
method. Next, the branching ratios inMXs bins are obtained from theMbc fits
and they are summed to get the total branching ratio. Then, the systematic
uncertainty is evaluated and the final result is obtained. At last, the total
branching ratio is compared with the SM prediction and provides a constraint
to the two Higgs Doublet Model.
10.1 Branching ratio of B → K∗γ
Figure 10.1 shows Mbc distribution in 0.0< MXs <2.8 GeV/c
2 and the sig-
nal yield obtained from the fit is 12408±254. In Figure 10.1(b), Mbc fit in
MXs <1.15 GeV/c
2 which corresponds to exclusive K∗γ region is shown. The
signal yield is (4205±85) and the signal efficiency obtained from the MC is
6.82 % which is corrected by the reconstruction and PID efficiencies. The
BR(B → K∗γ) is calculated by the Equation 9.1. Nsig is the number of the
signal, 4205±85, NBB = 771.9×106 is the number of BB pairs in the full data
and ϵ is the signal efficiency, 6.82 %. The branching ratio is
BR(K∗γ) = (3.99± 0.08)× 10−5, (10.1)
where the uncertainty includes only statistical one. This result is consistent
with the world average, (4.26±0.17)×10−5, within 1.4σ. We can obtain a
validity on our analysis.
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(c) 1.15< MXs <2.8 GeV/c
2
Figure 10.1: Mbc fit with the full data(Red solid line: Signal, Red dashed line:
Signal cross-feed, Green solid line: Peaking BG, , Green dashed line: Non-peaking
background from BB, Cyan dashed line:Non-peaking background from qq)
10.2 Calibration on Hadronization model
10.2.1 Hadronization Model in Data
The hadronization model in 1.15< MXs <2.8 GeV/c
2 is investigated with the
same method in the partial data analysis. In Figure 10.2 and 10.3, Mbc dis-
tributions of each decay mode are fitted to obtain the yield. The fit result,
branching ratios and fractions of every decay modes are summarized in Table
10.1. The fractions of the default MC are compared with them of the data in
total MXs region in Table 10.2. Fractions of Kπ and K2π have large devia-
tions from them of the data, especially. To calibrate these fractions, we use
parameters in Pythia in next section.
10.2.2 Calibration by Pythia
The hadronization model in the MC is calibrated by parameters in Pythia
in the same method as 140 fb−1 data study. The result of the calibration is
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Figure 10.2: Mbc fit for each final state(Full data) at 1.15< MXs <2.80 (Red solid
line : Signal, Red dashed line: Signal cross-feed, Green solid line: Peaking BG)
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Figure 10.3: Mbc fit for each final state(Full data) at 1.15< MXs <2.80 GeV/c
2
(Red solid line : Signal, Red dashed line: Signal cross-feed, Green solid line: Peaking
BG)
Table 10.1: Fit result for each final states(Full data, 1.15< MXs <2.8 GeV/c
2)
Mode Definition Signal yield BR(10−6) Fraction(%)
1 Kπ without π0 1118±58 8.19±0.42 4.66±0.24
2 Kπ with π0 185±33 2.89±0.51 1.64±0.29
3 K2π without π0 2527±91 25.5±0.92 14.5±0.52
4 K2π with π0 1777±55 42.3±1.31 24.0±0.74
5 K3π without π0 877±79 14.7±1.32 8.34±0.75
6 K3π with π0 732±80 28.3±3.09 16.1±1.76
7 K4π 259±66 11.1±2.80 11.1±2.80
8 2π0 187±45 25.4±6.10 14.2±3.47
9 Kη 214±52 5.60±1.36 3.18±0.77
10 3K 228±34 3.52±0.52 2.00±0.30
 mass(GeV)sX
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0π w/o πK2
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Figure 10.4: Fractions on each mode in each MXs region(Full data)
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Table 10.2: Fractions(%) on each mode in the full data and the MC. Number
in () is a deviation to that of the data, defined as ([Fraction in MC]-[Fraction in
data])/σdata.
Mode Partial Data Full Data Full Data Default Calibrated
(1.15< MXs <2.4) (1.15< MXs <2.4) (1.15< MXs <2.8) MC MC
1 5.06±0.89 4.72±0.26 4.20±0.25 10.3 (+17) 4.61 (+1.2)
2 2.24±0.44 2.36±0.13 2.10±0.13 5.42 (+19) 2.38 (+1.6)
3 17.4±1.37 16.0±0.53 14.5±0.52 12.9 (-3.1) 15.7 (+2.4)
4 31.6±2.47 25.9±1.03 24.0±0.74 15.2 (-12) 24.0 (-0.0)
5 7.00±1.62 8.02±0.67 8.34±0.75 5.90 (-3.3) 4.58 (-5.0)
6 15.2±4.01 15.8±1.21 16.1±1.76 15.7 (-0.2) 19.2 (+1.8)
7 11.6±3.80 7.90±1.90 11.1±2.80 12.3 (+0.4) 10.2 (-0.3)
8 2.91±9.70 13.9±3.37 14.4±3.47 14.4 (-0.0) 11.6 (-0.8)
9 4.68±1.59 3.63±0.65 3.18±0.77 4.92 (+2.3) 5.35 (+2.8)
10 1.93±0.61 1.86±0.26 2.00±0.30 2.98 (-3.3) 2.31 (-1.0)
Table 10.3: Fractions(%) on each mode in each MXs region(Full data)
1.15< MXs <1.5 GeV/c
2 1.5< MXs <2.0 GeV/c
2
Mode Data MC Mode Data MC
1 9.51±1.42 14.5 (+6.4) 1 2.39±0.35 2.91 (+1.5)
2 5.32±0.31 7.50 (+7.1) 2 1.19±0.18 1.49 (+1.7)
3 25.7±0.82 21.6 (-5.0) 3 13.6±0.76 15.0 (+1.9)
4 44.8±1.51 36.5 (-5.5) 4 19.7±1.06 22.0 (+2.2)
5 0.91±0.52 0.95 (+0.1) 5 11.3±0.94 6.58 (-5.0)
6 8.06±2.17 14.9 (+3.1) 6 21.7±2.39 23.7 (+0.8)
7 0.30±0.50 0.52 (+0.5) 7 8.80±2.70 12.2 (-1.2)
8 2.52±2.52 2.51 (+0.0) 8 14.7±2.08 8.20 (-3.1)
9 1.71±0.43 0.93 (-1.8) 9 5.00±1.27 5.78 (+0.6)
10 0.00±0.00 0.01 (+0.0) 10 1.64±0.24 1.29 (-1.5)
2.0< MXs <2.4 GeV/c
2 2.4< MXs <2.8 GeV/c
2
Mode Data MC Mode Data MC
1 1.21±0.64 1.15 (-0.1) 1 0.46±0.65 0.90 (+0.7)
2 0.60±0.32 0.60 (+0.0) 2 0.23±0.32 0.49 (+0.8)
3 7.06±1.37 9.64 (+1.9) 3 3.84±2.15 8.20 (+2.0)
4 8.93±2.63 13.9 (+1.9) 4 8.49±4.03 11.8 (+0.8)
5 12.1±2.53 8.33 (-1.5) 5 12.7±5.20 8.18 (-0.9)
6 16.1±5.65 22.6 (+1.1) 6 3.27±12.8 21.2 (+1.4)
7 28.0±9.10 16.5 (-1.3) 7 3.10±26.7 20.4 (-0.7)
8 15.5±15.5 18.5 (+0.4) 8 53.1±28.7 20.2 (-1.2)
9 6.82±3.69 6.16 (-0.2) 9 10.6±8.19 5.89 (-0.6)
10 3.61±1.10 1.42 (-2.0) 10 4.13±2.84 1.04 (-1.1)
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Table 10.4: Scale factors in the direct calibration
Mode 1.15< MXs <1.5 1.5< MXs <2.0 2.0< MXs <2.4 2.4< MXs <2.8
1 0.66±0.10 0.82±0.12 1.05±0.56 0.51±0.72
2 0.71±0.04 0.80±0.12 1.00±0.53 0.47±0.65
3 1.19±0.04 0.91±0.05 0.73±0.14 0.47±0.26
4 1.23±0.04 0.90±0.05 0.64±0.19 0.72±0.34
5 0.96±0.55 1.72±0.14 1.45±0.30 1.55±0.64
6 0.54±0.15 0.92±0.10 0.71±0.25 0.15±0.60
7 0.58±0.96 0.72±0.22 1.70±0.55 0.15±1.30
8 1.00±1.00 1.79±0.25 0.84±0.84 2.63±14.2
9 1.84±0.46 0.87±0.22 1.11±0.60 1.80±1.39
10 0.00±0.00 1.27±0.19 2.54±0.77 3.97±2.73
reported in last column in Table 10.2. Total χ2 is improved from 831 to 52 by
this calibration, but it is still large and some fractions have large deviations,
particularly. In Table 10.3, the hadronization model in fourMXs regions, 1.15<
MXs <1.5, 1.5< MXs <2.0, 2.0< MXs <2.4 and 2.4< MXs <2.8 GeV/c
2,
are compared with that of the data. Similarly, many fractions have large
deviations. We conclude the fine-tuning by parameters in Pythia is difficult
and attempt to a second calibration in next section.
10.2.3 Direct calibration
The fine-tuning on the hadronization model by parameters in Pythia is difficult
as mentioned in last section. Consequently, we attempt a direct calibration as
a second one, in which fractions are directly reweighted to them of the data.
The fractions in the MC are corrected by scale factors, defined as (fraction
in data)/(fraction in MC). The scale factors obtained from Table 10.3 are
summarized in Table 10.4. We note that K2π0 mode(Mode=8) fractions in
MXs >2.0 GeV/c
2 have very large uncertainties. In Figure 10.5(a) and 10.5(b),
Mbc distributions of K2π
0 modes in 2.0< MXs <2.4 and 2.4< MXs <2.8
GeV/c2 are shown. We can not observe signal peaks around 5.28 GeV/c2
clearly. Therefore, these fractions should not be used in the direct calibration.
For theK2π0 mode inMXs >2.0 GeV/c
2, fractions in the MC are used in Table
10.3. +100%-50% fluctuations are given for these fractions in the systematic
uncertainty, where the fluctuation in the low side is -50% since -100% means
that K2π0 modes have a null fraction and the situation is highly improbable.
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2
Figure 10.5: Mbc fit of K2π0 modes in MXs >2.0 GeV/c
2
10.3 Branching Ratio
Mbc distributions on each MXs mass bin are fitted to obtain signal yields in
Figure 10.6, 10.7 and 10.8. The fit result is shown in Table 10.5 and the
branching ratios are calculated by using the efficiencies obtained from the
calibrated MC. The branching ratio at MXs <2.8 GeV/c
2 is
BR(B → Xsγ) = (3.51± 0.17)× 10−4(MXs < 2.8GeV/c2). (10.2)
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Figure 10.6: Mbc fit for each MXs bin(0.6-1.4 GeV, Full data)
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Figure 10.7: Mbc fit for each MXs bin(1.4-2.2 GeV, Full data)
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Figure 10.8: Mbc fit for each MXs bin(2.2-2.8 GeV, Full data)
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Table 10.5: The partial branching ratio in each MXs mass bin(Full data)
MXs bin(GeV/c
2) Yield Efficiency(%) BR(10−6)
0.6-0.7 -6±10 6.96 -0.1±0.1
0.7-0.8 36±14 7.19 0.3±0.1
0.8-0.9 2032±54 6.65 19.8±0.5
0.9-1.0 1689±49 6.98 15.7±0.5
1.0-1.1 301±27 6.72 2.9±0.3
1.1-1.2 310±31 4.21 4.8±0.5
1.2-1.3 1019±46 3.54 18.7±0.8
1.3-1.4 1117±50 3.33 21.8±1.0
1.4-1.5 1090±52 3.33 21.2±1.0
1.5-1.6 806±50 2.37 22.0±1.4
1.6-1.7 723±37 2.09 22.4±1.1
1.7-1.8 664±37 1.74 24.8±1.4
1.8-1.9 652±54 1.58 26.7±2.2
1.9-2.0 542±60 1.34 26.3±2.9
2.0-2.1 403±54 1.12 23.3±3.1
2.1-2.2 285±35 0.88 21.0±2.6
2.2-2.4 449±80 0.72 40.3±7.2
2.4-2.6 273±84 0.63 27.9±8.6
2.6-2.8 87±82 0.49 11.5±11
Total 351±17
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10.4 Systematic Uncertainties
10.4.1 Hadronization Model Uncertainty
To evaluate an uncertainty on the hadronization model, the fractions of the
modes in Table 10.3 are fluctuated by ±1σ and deviations from the default
efficiency are assigned to the systematic uncertainties. +100%-50% fluctuation
is given to only K2π0 mode fractions in MXs >2.0 GeV/c
2 as mentioned
in Section 10.2.3. The result is summarized in Table 10.6. Uncertainties in
MXs >2.0 GeV/c
2 are large, especially K4π(Mode=7) and K2π0(Mode=8).
In calculating a total uncertainty, correlations between MXs bins are taken
into account and it is 6.65 %. In addition, the systematic uncertainty on the
K∗ − Xs transition position in Section 9.5.4 are added in the hadronization
model uncertainty in 1.1< MXs <1.2 GeV/c
2s.
Table 10.6: Systematic uncertainty(%) on hadronization model by reweighting the
fraction in 1.15< MXs <2.8 GeV/c
2(Full data).
MXs bin Fluctuated mode
(GeV/c2) 1 2 3 4 5 6 7 8 9 10 Total
1.1-1.2 0.97 0.25 0.30 0.59 0.01 0.04 0.01 2.17 0.00 0.00 2.48
1.2-1.3 0.65 0.16 0.44 0.56 0.03 0.55 0.02 1.72 0.03 0.00 2.05
1.3-1.4 0.76 0.23 0.42 0.46 0.10 1.95 0.06 1.28 0.02 0.00 2.55
1.4-1.5 1.19 0.20 0.34 0.37 0.12 1.58 0.92 3.26 0.42 0.00 3.98
1.5-1.6 0.91 0.40 0.85 0.17 0.01 0.97 0.57 1.52 0.40 0.20 2.35
1.6-1.7 0.49 0.29 0.95 0.01 0.22 0.95 0.84 2.10 0.43 0.35 2.75
1.7-1.8 0.46 0.24 0.88 0.07 0.53 0.69 1.35 2.81 0.22 0.33 3.41
1.8-1.9 0.44 0.21 0.86 0.06 0.77 0.67 1.32 2.98 0.43 0.31 3.60
1.9-2.0 0.33 0.19 0.88 0.13 0.81 0.56 1.49 3.00 0.39 0.35 3.66
2.0-2.1 1.42 10.7 2.72 0.67 1.98 1.79 4.97 12.5 0.92 1.83 17.8
2.1-2.2 1.87 13.2 2.90 0.95 2.17 1.20 5.70 15.9 1.65 1.40 21.9
2.2-2.4 1.77 16.8 2.95 1.11 1.96 0.81 6.54 17.4 0.75 1.68 25.5
2.4-2.6 2.56 1.12 6.88 2.02 5.29 5.22 18.2 19.8 3.81 3.67 29.6
2.6-2.8 1.99 1.27 5.81 1.79 4.72 5.04 18.8 20.2 2.79 3.58 29.4
10.4.2 Missing mode
The fraction of the reconstructed modes in the MC after calibration is 76.6
% (1.15< MXs <2.8 GeV/c
2), where fractions of the KL modes which corre-
sponds to the reconstructed Ks modes are included. In order to evaluate the
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uncertainty, we use the MC after the Pythia calibration. The parameters in
Pythia are shifted within parameter region which is consistent with the model
of the data. The result is shown in Table 10.7. The maximum and mini-
mum of the fraction of the reconstructed mode are 78.0 and 76.3, respectively.
Therefore, the differences from that of the calibrated MC are (78.0-76.6)/76.6
= +1.79 % and (76.3-76.6)/76.6 = -0.39 %, respectively. The uncertainty is
needed in < MXs >1.15 GeV/c
2, thus, the fraction is considered. As a result,
we assign ±1.59 % as the systematic uncertainty on the missing modes.
Table 10.7: Fractions(%) of reconstructed and missing modes. In calculation of the
fraction of Reco mode, the KL modes are taken into account.
Mode calibrated MC 1 2 3 4 5 6 7
PARJ(2)=0.10 0.20 0.10 0.10 0.10 0.05 0.10 0.10
PARJ(11)=0.95 0.95 0.93 0.95 0.95 0.95 0.95 0.96
PARJ(15)=0.25 0.25 0.25 0.20 0.25 0.25 0.30 0.25
PARJ(25)=0.03 0.03 0.03 0.03 0.50 0.03 0.03 0.03
1 4.61 4.25 4.89 4.09 4.18 4.22 4.38 3.91
2 2.38 2.18 2.52 2.11 2.16 2.17 2.23 1.99
3 15.7 13.7 13.6 13.6 13.7 14.0 13.9 13.7
4 24.0 20.8 20.4 21.3 20.8 21.1 20.4 21.2
5 4.58 6.15 6.28 6.36 6.28 6.34 6.14 6.25
6 19.2 21.2 21.2 22.3 21.4 21.5 20.4 21.4
7 10.2 10.6 10.9 11.1 11.0 11.0 10.6 10.8
8 6.65 7.48 7.68 7.89 7.62 7.80 7.41 7.51
9 5.35 4.99 4.96 3.91 5.51 5.11 6.20 5.07
10 2.31 3.15 1.86 1.80 1.80 1.20 2.81 2.78
Reco 76.6 76.6 77.2 78.0 76.9 77.6 76.3 77.0
mode
Missing 23.4 23.4 22.8 22.0 23.1 22.4 23.7 23.0
mode
The fraction of the reconstructed mode in every mass bin are investigated,
and the maximum and minimum values are reported in Table 10.8, which are
assigned to the systematic uncertainty.
10.4.3 Mbc PDF
The systematic uncertainty is evaluated by the same method in the partial
data analysis. The result is summarized in Table 10.9. Uncertainties from
the PDFs of the peaking background and cross-feed in MXs >2.0 GeV/c
2 are
large.
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Table 10.8: The fractions of the reconstructed mode in every MXs mass bin
MXs bin(GeV/c
2) Default Maximum Minimum Systematics(%)
1.1-1.2 0.996 1.00 0.984 +0.38 -1.21
1.2-1.3 0.992 0.994 0.982 +0.24 -0.98
1.3-1.4 0.980 0.980 0.961 +0.00 -1.90
1.4-1.5 0.968 0.975 0.956 +0.68 -1.29
1.5-1.6 0.923 0.935 0.911 +1.22 -1.33
1.6-1.7 0.918 0.929 0.900 +1.21 -1.94
1.7-1.8 0.914 0.920 0.905 +0.60 -0.97
1.8-1.9 0.891 0.901 0.873 +1.11 -2.06
1.9-2.0 0.850 0.864 0.840 +1.58 -1.58
2.0-2.1 0.798 0.806 0.781 +0.99 -2.17
2.1-2.2 0.742 0.747 0.727 +0.78 -1.91
2.2-2.4 0.661 0.669 0.650 +1.17 -1.57
2.4-2.6 0.548 0.553 0.542 +0.97 -1.00
2.6-2.8 0.456 0.460 0.447 +0.70 -2.04
Table 10.9: Systematic uncertainties(%) on Mbc PDF(Full data).
MXs bin Signal Scf Peaking BG qq BG Total
(GeV/c2) 　　
0.6-0.7 0.00 0.00 0.00 0.00 0.00
0.7-0.8 0.14 10.6 7.81 0.00 13.4
0.8-0.9 0.17 0.42 0.51 0.01 0.69
0.9-1.0 0.05 0.41 0.38 0.03 0.66
1.0-1.1 0.05 2.39 1.14 0.28 3.13
1.1-1.2 0.39 2.84 1.67 0.22 3.56
1.2-1.3 0.21 1.55 0.92 0.02 1.84
1.3-1.4 0.21 1.55 0.20 0.00 1.59
1.4-1.5 0.23 1.85 0.06 0.02 1.88
1.5-1.6 0.64 2.02 0.07 0.02 2.14
1.6-1.7 0.08 1.72 2.14 0.20 7.96
1.7-1.8 0.08 2.02 1.70 0.24 10.1
1.8-1.9 0.02 1.96 1.98 0.10 3.05
1.9-2.0 0.13 4.19 4.04 0.13 5.82
2.0-2.1 0.05 5.31 0.61 0.15 5.35
2.1-2.2 0.26 3.89 2.46 0.37 4.73
2.2-2.4 0.03 7.24 7.13 0.04 10.2
2.4-2.6 0.05 12.4 21.8 0.33 25.1
2.6-2.8 0.15 48.1 100 0.89 111
10.4.4 Summary of Systematic Uncertainty
Systematic uncertainties in eachMXs mass bin are summarized in Table 10.10.
Total systematic uncertainty is reported in Table 10.11.
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Table 10.10: Systematic uncertainties(%) in every MXs mass bin(Full data).
MXs bin BB Detector Background Mbc Hadronization Missing mode Total
(GeV/c2) counting response rejection PDF
0.6-0.7 1.37 2.68 3.38 0.00 - - 4.52
0.7-0.8 1.37 2.59 3.38 14.6 - - 15.3
0.8-0.9 1.37 2.57 3.38 0.68 - - 4.51
0.9-1.0 1.37 2.58 3.38 0.59 - - 4.51
1.0-1.1 1.37 2.57 3.38 3.10 - - 5.43
1.1-1.2 1.37 2.99 3.38 3.54 32.1 1.21 32.1
1.2-1.3 1.37 3.15 3.38 1.84 2.05 0.98 5.64
1.3-1.4 1.37 3.17 3.38 1.63 2.55 1.90 6.01
1.4-1.5 1.37 3.10 3.38 1.99 3.98 1.29 6.66
1.5-1.6 1.37 3.34 3.38 2.30 2.35 1.33 6.09
1.6-1.7 1.37 3.49 3.38 2.75 2.75 1.94 6.66
1.7-1.8 1.37 3.59 3.38 2.77 3.41 0.97 6.82
1.8-1.9 1.37 3.69 3.38 2.76 3.60 2.06 7.19
1.9-2.0 1.37 3.74 3.38 5.85 3.66 1.58 8.80
2.0-2.1 1.37 3.78 3.38 5.67 17.8 2.17 19.5
2.1-2.2 1.37 3.78 3.38 4.42 21.9 1.91 23.1
2.2-2.4 1.37 3.77 3.38 10.3 25.5 1.57 28.0
2.4-2.6 1.37 3.79 3.38 24.6 29.6 1.00 38.9
2.6-2.8 1.37 3.82 3.38 110 29.4 2.04 114
Table 10.11: Systematic uncertainty(%) (Full data)










10.5.1 Partial Branching ratio
The partial branching ratios on MXs are summarized in Table 10.12, and is
plotted in Figure 10.9. In Figure 10.9(b), the partial branching ratios are com-
pared with the result in the BaBar’s measurement[70]. Most of the branching
ratios in this result are in a good agreement with the BaBar’s one, but the
branching ratios in 2.0< MXs <2.2 and 2.2< MXs <2.4 GeV/c
2 have devia-
tions +2.2σ and +1.6σ, respectively. We guess these deviations come from a
estimation of the peaking background since effects of the peaking background
become large in MXs >1.8 GeV/c
2. In BaBar’s measurement, the peaking
background is estimated by the MC, while we estimate it by the data(Section
7.4). In order to investigate the validity of our result, we check an efficiency of
the D veto for the peaking background since the D veto is applied inMXs >2.0
GeV/c2. If there is a difference on the efficiency of the D veto for the peaking
background between the MC and data, the deviations from the BaBar’s result
in MXs >2.0 GeV/c
2 may occur. The efficiency of the D veto for the peaking
background is investigated with the anti-π0/η veto sample(same as Section
7.4) and we do not observe a large difference between the MC and data in
Appendix E. Thus, we conclude that our measurement is correct.
10.5.2 Total Branching ratio
The total branching ratio is
BR(B → Xsγ) = (3.51± 0.17± 0.33)× 10−4(MXs < 2.8GeV/c2),(10.3)
where the first uncertainty is statistical and the second is the systematic.
The extrapolated one to Eγ(B rest frame)>1.6 GeV in the same method
as Section 9.4 is
BR(B → Xsγ) = (3.74± 0.18± 0.35)× 10−4(Eγ > 1.6GeV), (10.4)
where the extrapolation factor of the systematic uncertainty is added.
This measurement result is compared with other measurements in Figure
10.10, and in a good agreement with the world average, (3.55±0.26)×10−4,
within 0.4σ. In addition, this result is consistent with the SM prediction,
(3.15±0.23)×10−4, within 1.3σ, and provides a constraint to the NP model.
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(a) Partial branching ratio.The first
solid error is the statistical one
and the second dashed error is a
quadratic sum of the statistical and
systematic errors.
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(b) Partial branching ratio compared
with the BaBar’s result[70]
Figure 10.9: Partial branching ratio
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Figure 10.10: Measurement results and theoretical calculation of B → Xsγ
10.5.3 Constraint to the 2HDM
We evaluate a constraint to the 2HDM as an example, and show two-sided
68%, 95% and 99% CL exclusion regions in MH± versus tanβ in Figure 10.11.
The charged Higgs mass region below 238 GeV/c2 is excluded at 95% CL.
βtan





















11.1 Summary of Results
We measured the inclusive branching fraction for the radiative B meson de-
cay B → Xsγ with a semi-inclusive reconstruction method. The measured
branching ratio in MXs < 2.8GeV/c
2 is
BR(B → Xsγ) = (3.51± 0.17± 0.33)× 10−4(MXs < 2.8GeV/c2),(11.1)
where the first uncertainty is statistical and the second is the systematic. The
extrapolated branching ratio to Eγ(B rest frame)>1.6 GeV is
BR(B → Xsγ) = (3.74± 0.18± 0.35)× 10−4(Eγ > 1.6GeV). (11.2)
This result is in a good agreement with the world average, (3.55±0.26)×10−4,
within 0.4σ. In addition, this result is consistent with the SM prediction,
(3.15±0.23)×10−4, within 1.3σ. Our result provides a constraint the NP
model. We evaluate a constraint to the 2HDM as an example, and the charged
Higgs mass region below 238 GeV/c2 is excluded at 95% CL.
11.2 Perspectives
Improvements on the BR(B → Xsγ) are expected from the KEKB and Belle
upgrade project(Belle I ) with an final target of 50 ab−1 integrated luminosity.
However, the precision is dominated by the systematic uncertainty, especially
on the hadronization model. The hadronization model uncertainty is expected
to become small in Belle I by increasing precisions for measurements of the
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each mode fraction, but a prominent improvement can not be achieved easily.
In Belle I , the B-reco inclusive measurement as mentioned in Section 2.3, in
which the other B meson is fully reconstructed, will be important. In addition,
the theoretical uncertainty should be improved for the NP search with a higher
precision.
Appendix A
Parameter Setting for Pythia in
the Belle
Pythia[19] has a huge parameters on the hadronization model. In the Belle,
default values in Pythia are used for most parameters, but there are some
parameters changed from the default values in the Belle. Changed parameters
are shown in Table A.1.
Table A.1: Pythia parameters in the Belle
Parameter Description Default Belle
Value Value
MSTJ(107) Radiative correction to continuum events 0(No) 2(Yes)
PARJ(14) Probability that a spin=0 meson is produced 0.0 0.05
with an orbital angular momentum 1,
for a total spin=1.
PARJ(15) Probability that a spin=1 meson is produced 0.0 0.05
with an orbital angular momentum 1,
for a total spin=0.
PARJ(16) Probability that a spin=1 meson is produced 0.0 0.05
with an orbital angular momentum 1,
for a total spin=1.
PARJ(17) Probability that a spin=1 meson is produced 0.0 0.05
with an orbital angular momentum 1,
for a total spin=2.
PARJ(33) Energy below which the fragmentation of 0.80 0.30




The KSFW[55] is a Fisher discriminant[71] extended from the Fox-Wolfram
variable[72] using information such as missing mass calculated from the daugh-
ter particles of the signal candidates and all the other particles in this event.
The KSFW is constructed from 17 varialbes.
B.1 Fox-Wolfram Momenta
In most of B meson decay studies, large background comes from the e+e− →
qq(q = u, d, s, c). A difference of the event topology between B decay and
e+e− → qq can be characterized on the basis of the Fox-Wolfram momenta.




|−→pi ||−→pj |Pl(cosθij), (B.1)
where Pl is the l-th Legendre polynomial,
−→pi and −→pj are the momenta of the i-
th and j-th particles, respectively, θij is the angle between the two momentum
vectors. The sum is over the particles in the final state. Note that the overall
constant is ignored here for simplicity.
B.2 SFW
SFW is devised by modifying the Fox-Wolfram moment Hl. In the SFW, the
Hl is divided into three components and categorize the particles to the two
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where i and j iterate over B signal candidate particles(denoted by S for the
signal) and the indices k and l iterate over the remaining particles(denoted by
O for other) in the event. Extended Fisher discriminant names SFW(Super


















where αl and βl are Fisher coefficients.
B.3 KSFW
To increase the discrimination power, the SFW is modified to Kakuno Su-
per Fox-Wolfram(KSFW) by taking into account charges of the particles, the











where Ni is a number of particles and γ is a Fisher coefficients to be optimized.
Descriptions on these terms are provided in the following.
RSOl A missing pseudo-particle is introduced as one particle that has the
event’s missing energy and momentum pmiss. Furthermore, the remaining














where αil(i =charged, neutral, missing) are Fisher coefficients. For signal and







j |pj|Pl(cosθij) (l : even)∑
i
∑
j |pj|QiQjPl(cosθij) (l : odd)
(B.9)
where the index i iterates over the particles in the B signal candidates and the
index j iterates over all other remaining charged particles. The Qi,j are the
charge of the particles i and j.





j |pj|Pl(cosθij) (l : even)
0 (l : odd).
(B.10)







j |pj|Pl(cosθiM) (l : even)
0 (l : odd).
(B.11)












j |pj||pk|Pl(cosθjk) (l : even)∑
i
∑
j |pj||pk|QiQjPl(cosθjk) (l : odd)
(B.13)




n=1 |(pt)n| is the scalar sum of the transverse momenta pt of
all the particles in the signal candidates and all the other remaining particles.
Appendix C
Signal PDF Study
We check Mbc distributions of Dπ to make the signal PDF. In Figure C.1, Mbc
distributions of Dπ are compared with the signal ones by MC. Total distribu-
tions of Dπ are consistent with that of the signal, and we also investigate Mbc
distributions on no π0/η, one π0/η and two π0/η modes. Mbc distributions
of Dπ on no π0/η mode is in a good agreement with that of the signal, but
distributions of Dπ on one and two π0/η modes are different, particularly tail
regions in low side.
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(b) No π0/η mode
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Figure C.1: Mbc distributions of Xsγ and Dπ(MC)
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In Figure C.2, Mbc distributions without photon momentum correction in
Equation 5.3 of Xsγ and Dπ are shown. These Dπ distributions are better
consistent with them of the signal, especially one π0 mode. We conclude this
photon momentum correction works a bit differently between Dπ and the
signal because a charged pion is corrected in Dπ event instead of a photon.
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(b) No π0 mode
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Figure C.2: Mbc distributions without photon momentum correction in Equation
5.3 of Xsγ and Dπ(MC)
Appendix D
Control Sample Study
Before opening the signal box of the data, a control sample, B → Dπ(B+ →
D0π+, B0 → D−π+) is studied in order to confirm the validity on this analysis.
The B → Dπ reconstruction method is same as that of the systematic study
on the qq background suppression in Section 8.3.2.
Figure D.1 is theMbc distributions ofB → Dπ after all selections, qqsuppression
and BCS applied the signal. The efficiency obtained from the Dπ MC is 3.395
 (GeV)bcM



















 429±Non-peaking =  104015 
 493±Sig =  212148 
 0.95± = -21.452 contc
(a) MC
 (GeV)bcM

















35000  418±Non-peaking =  94871 
 486±Sig =  203345 
 1.0± = -25.43 contc
(b) Data
Figure D.1: Mbc distributions on B → Dπ(Red solid line: Signal, Red dashed line:
Cross-feed, Green Solid line: Non-peaking background, Green Dashed line:Peaking
background)
%, thus the branching fraction is calculated as
BR(B → Dπ) = (203345± 486)
0.03395× 2× 771× 106
= (3.88± 0.01)× 10−3, (D.1)
where the uncertainty is only statistical one. According to PDG,
• BR(B+ → D0π+) = (4.81±0.15)×10−3
• BR(B0 → D−π+) = (2.68±0.13)×10−3
149
Thus,
BR(B → Dπ) = (4.81± 0.15)× 10−3 × 0.513 (Υ(4S) → B+B−)
+ (2.68± 0.13)× 10−3 × 0.487 (Υ(4S) → B0B0)
= (3.77± 0.14)× 10−3. (D.2)
Therefore, the result(Equation D.1) in our analysis is consistent with the PDG
value (Equation D.2) and we can confirm the validity on our analysis.
Appendix E
Efficiency of the D veto for the
peaking background
We investigate efficiencies of the D veto for MC and data to check the validity
of the branching ratios in MXs >2.0 GeV/c
2. In this study, the anti-π0/η
veto sample which is defined by requiring the π0/η probabilities above 0.8 are
used in the same method as Section 7.4. In Figure E.1, Mbc distributios of
the BB background MC and the data in MXs >2.0 GeV/c
2 before and after
the D veto are shown. Efficiencies of the MC and data are 28.4 % and 26.1
%, respectively and are not large difference and consistent within the errors.
Therefore, the D veto can not be the origin of the deviations from the BaBar’s























 0.00011± =  0.00297 peakσ
 0.48±c = -66.820 
 746±num_argus =  331435 
 485±num_gauss =  8677 
(a) BB background MC before D veto
 (GeV)bcM


















 0.00038± =  0.00288 peakσ
 0.64±c = -57.339 
 882±num_argus =  310994 
 670±num_gauss =  2464 
(b) BB background MC after D veto
 (GeV)bcM
















 0.00015± =  0.00302 peakσ
 0.61±c = -46.675 
 560±num_argus =  203661 
 337±num_gauss =  3625 
(c) DATA before D veto
 (GeV)bcM

















 0.00030± =  0.00311 peakσ
 0.77±c = -40.976 
 437±num_argus =  126234 
 250±num_gauss =  946 
(d) DATA after D veto
Figure E.1: Mbc distributions before/after D veto(Red solid line is the peaking
background)
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